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P T A - 1 : A COMPUTER PROGRAM FOR ANALYSIS 
OF PRESSURE TRANSIENTS IN HYDRAULIC NETWORKS, 

INCLUDING THE E F F E C T OF PIPE PLASTICITY 

by 

C. K. Yovmgdahl and C. A. Kot 

ABSTRACT 

The computer p r o g r a m PTA-1 per forms p r e s s u r e -
t rans ien t analysis of large piping networks using the one-
dimensional method of cha rac te r i s t i c s applied to a fluid-
hammer formulation. The effect of e las t ic -p las t ic deformation 
of piping on pulse propagation is included in the computation. 
The p rog ram is par t i cu la r ly oriented toward the analysis of the 
effects of a sodium/water react ion on the intermediate heat-
t r anspor t sys tem of a l iquid-metal-cooled fast b reeder reac tor , 
but may be applied just as usefully to other pulse sources and 
other piping sys tems . PTA-1 is capable of t reat ing complex 
piping networks and includes a var ie ty of junction types. Pipe 
friction and nonlinear velocity t e r m s a re included in the formu­
lation. The p r o g r a m requ i res a minimum of input-data p r epa ra ­
tion and is designed to be easi ly used and modified. This repor t 
contains the governing equations, p rog ram s t ruc ture , input 
r equ i rement s , p rog ram listing, and other information for PTA-1. 

I. INTRODUCTION 

P r e s s u r e pulses in the in termedia te sodium sys tem of a l iquid-metal-
cooled fast b reede r reac to r , such as may originate from a sodium/water r e ­
action in a s team genera tor , a re propagated through the complex sodium piping 
network to sys tem coraponents such as the pump and in termediate heat ex­
changer. To a s s e s s the effects of such pulses on continued rel iable operation 
of these components and to contribute to sys tem designs which resu l t in the 
mitigation of these effects. P r e s s u r e Trans ient Analysis (PTA) computer codes 
a re being developed for accurate ly computing the t r ansmiss ion of p r e s s u r e 
pulses through a complicated f lu id- t ranspor t sys tem, consisting of piping, 
fittings and jvmctions, and components. 

P r e s s u r e pulses result ing from sodixim/water react ions may plast ical ly 
deform the thin-walled piping typically used in LMFBR sodium sys tems . This 
plast ic deformation has a significant effect on p r e s s u r e - t r a n s i e n t propaga­
tion,^'^ since it l imits the peak p r e s s u r e t ransmi t ted out of a pipe to approx­
imately its yield p r e s s u r e if the pipe is sufficiently long, PTA-1 computes the 



effect of p l a s t i c de fo rma t ion of the piping on p r e s s u r e - t r a n s i e n t p r o p a g a t i o n 
in complex hydrau l i c n e t w o r k s . Although it was deve loped for p r e d i c t i n g the 
p ropaga t ion of p r e s s u r e p u l s e s in the i n t e r m e d i a t e - h e a t - t r a n s p o r t s y s t e m of 
a sod ium-coo l ed fast b r e e d e r r e a c t o r , it m a y a l s o be u s e d to a n a l y z e t r a n s i e n t 
p ropaga t ion in o the r h y d r a u l i c n e t w o r k s for which f l u i d - h a m m e r t h e o r y i s 
a p p r o p r i a t e . The effects of cav i t a t ion and p i p e - s u p p o r t mo t ion a r e not in ­
cluded in the fo rmula t ion of P T A - 1 , but m a y be i n c o r p o r a t e d in l a t e r c o d e s in 
the P T A s e r i e s . 

P T A - 1 was c o n s t r u c t e d by combin ing the c o m p l e x - p i p i n g - s y s t e m 
a n a l y s i s capab i l i ty of the NATRANSIENT^''* p r o g r a m with the m o d e l i n g of 
p l a s t i c p ipe -de fo rmat ion effects con ta ined in the PLWV^'^ p r o g r a m , which h a s 
v e r y l imi t ed s y s t e m capab i l i ty . T h u s , P T A - 1 p r o v i d e s an e x t e n s i o n of the 
w e l l - a c c e p t e d and ve r i f i ed f l u i d - h a m m e r formula t ion^ for c o m p u t i n g h y d r a u l i c 
t r a n s i e n t s in e l a s t i c or r ig id piping s y s t e m s to inc lude p l a s t i c - d e f o r m a t i o n 
effects . The a c c u r a c y of the mode l ing of t h e s e l a t t e r effects on t r a n s i e n t 
p ropaga t ion h a s been val idated^ '^ u s ing r e s u l t s of a S tanford R e s e a r c h I n s t i t u t e 
e x p e r i m e n t . 

NATRANSIENT^'^ app l ies the o n e - d i m e n s i o n a l m e t h o d of c h a r a c t e r i s t i c s 
to the non l inea r f l u i d - h a m m e r equa t ions in a fixed t i m e - s p a c e g r i d for e a c h 
pipe of a flow ne twork . F r i c t i o n a l l o s s e s at the p ipe w a l l s a r e c o m p u t e d f r o m 
the D a r c y - W e i s b a c k fac to r , u s ing c o r r e l a t i o n s for f r i c t ion f a c t o r s b a s e d on 
loca l ve loc i ty and pipe r o u g h n e s s . The loca l wave speed is modi f i ed for pipe 
e l a s t i c i t y . NATRANSIENT h a s good n e t w o r k capab i l i t y . The v a r i e t y of j u n c ­
t ions and f i t t ings ava i l ab le i s i m p o r t a n t , not only for d e s c r i b i n g an L M F B R 
i n t e r m e d i a t e sod ium s y s t e m , but a l s o for i so l a t i ng s u b s y s t e m s and c o n s t r u c t ­
ing m o d e l s of c o m p l i c a t e d componen t s such as an i n t e r m e d i a t e h e a t e x c h a n g e r . 
A s s e m b l a g e of the flow ne twork and c o m p u t a t i o n of f r i c t ion f a c t o r s , l o c a l wave 
s p e e d s , junct ion l o s s e s , and fluid p r o p e r t i e s a r e c a r r i e d out wi th in the p r o ­
g r a m , r a t h e r than being r e q u i r e d inputs as they a r e in s o m e o t h e r c o d e s . 
NATRANSIENT's s t r u c t u r e i s c o m p a t i b l e with m u l t i d i m e n s i o n a l p r o g r a m s 
being deve loped under A N L ' s L a r g e L e a k A n a l y s i s p r o g r a m for t r e a t i n g fluid 
r e s p o n s e ins ide the s t e a m g e n e r a t o r . 

PLWV^'^ was deve loped to t e s t a s i m p l e c o m p u t a t i o n a l m o d e l for in ­
c o r p o r a t i n g the effect of e l a s t i c - p l a s t i c d e f o r m a t i o n of piping on p r e s s u r e -
t r a n s i e n t p ropaga t ion in a fluid s y s t e m . The s t r u c t u r a l i n t e r a c t i o n m o d e l was 
i n c o r p o r a t e d into a o n e - d i m e n s i o n a l m e t h o d - o f - c h a r a c t e r i s t i c s p r o c e d u r e for 
f l u i d - h a m m e r a n a l y s i s . PLWV is l im i t ed to a two-p ipe s y s t e m , s ince t h i s was 
the a r r a n g e m e n t for which e x p e r i m e n t a l da t a w e r e ava i l ab le .^ C o m p u t e d r e ­
su l t s w e r e found to be in good a g r e e m e n t with t h e s e da t a . 

P T A - 1 a l so u s e s the o n e - d i m e n s i o n a l m e t h o d of c h a r a c t e r i s t i c s appl ied 
to f l u i d - h a m m e r a n a l y s i s of p r e s s u r e t r a n s i e n t s in l a r g e piping s y s t e m s . Non­
l i nea r convec t ive t e r m s , pipe f r i c t ion , fluid c o m p r e s s i b i l i t y , cuid w a v e - s p e e d 
dependence on pipe d e f o r m a t i o n a r e inc luded in the f o r m u l a t i o n of the g o v e r n i n g 



equations. Various types of junctions and fittings may be specified; these 
include closed ends, mult ibranched t ees , surge tanks, sudden expansions and 
contract ions , dummy junctions, acoust ic- impedance discontinuit ies, nonre-
flecting far-end boundaries , and simple models for pumps and rupture disks. 

In addition to including the effect of e las t ic -p las t ic deformation of 
piping on t rans ien t propagation, PTA-1 differs from NATRANSIENT in being 
more use r -o r i en ted . The anticipated user he re is a reac tor engineer with 
some experience in basic FORTRAN programming, but not neces sa r i l y expert 
in the construction and manipulation of large computer codes. Since it is im­
possible to anticipate all u se r needs , PTA-1 is s t ructured so as to be easily 
modified and expanded. Much of the computation is ca r r i ed out in subroutines 
that can be replaced or a l tered, and the main p r o g r a m is divided into subsec­
tions that a re intended to be readi ly comprehensible . P rogramming t r i cks to 
minimize the number of instruct ions or conserve storage have been avoided 
to p re se rve c lar i ty and to facilitate a l terat ions to par t of the p r o g r a m with­
out disrupting other pa r t s . User input and pre l iminary computations have 
been minimized. There a re no res t r i c t ions on pipe and junction numbering 
or designation of left and right ends of pipes, and the flow network is assembled 
by the p rogram. Node spacings, fluid p roper t i e s , pipe ma te r i a l p roper t i e s , 
pipe flow a r e a s , friction fac tors , wave speeds, and junction losses are com­
puted internally. Some important features of PTA-1 that differ from or are 
extensions of those in NATRANSIENT follow. 

a. The effect of plastic deformation of a pipe is incorporated through 
a modified;,£Luid w^ave speed, which var ies with deformation h is tory at each 
computational node in a plast ical ly deforming pipe. 

b. Tempera ture-dependent proper t ies of liquid sodium are computed 
in a subroutine, which can be replaced if the piping network contains a differ­
ent fluid. 

c. Pipe ma te r i a l p roper t ies are computed in a subroutine that can 
t rea t six different pipe ma te r i a l s in the same network. Mater ia l cha rac te r ­
izations contained in the subroutine include tempera ture-dependent s t r e s s -
s t ra in relat ions for Types 304 and 316 s tainless s tee ls , Nickel 200 (which has 
been used in exper imenta l modeling of LMFBR piping^), and functional r e l a ­
tions that a re useful in curve fitting of s t r e s s - s t r a i n re la t ions . 

d. Each type of junction is t rea ted in a separa te subroutine to make 
it eas ie r to substitute improved vers ions or to add additional types of junctions. 

e. The ent i re pipe-friction loss t e r m , r a the r than just the friction 
factor, is computed in a subroutine. Consequently, a different fr ict ion-loss 
formulation can be readi ly substituted. 

f. The source p r e s s u r e - t i m e relation is computed in a subroutine. 
In the cur ren t vers ion of P T A - 1 , a table of p r e s s u r e - t i m e values is input to 
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the program, and the subroutine performs linear interpolation to determine 
source p ressure as a function of t ime. This subroutine could be replaced by 
other source models, such as the Zaker-Salmon sod ium/wate r - reac t ion 
model® used in NATRANSIENT. 

g. Pipes and junctions can be numbered a rb i t ra r i ly ; i .e. , the ntim-
bers need not be consecutive and can be assigned in any o rde r . Consequently, 
a subsystem of a large network can be analyzed without requiring any r e ­
numbering, and pipe and junction designations in the computer output can be 
maintained as a system is modified. 

h. One end of each pipe is designated as the f irs t node end, and the 
other the last node end, in order to determine a positive coordinate direct ion 
for fluid velocity in the pipe. However, tliese designations a re a r b i t r a r y in 
that every junction subroutine can t rea t any combination of pipe ends. For 
example, the ends of the two pipes connected at a sudden expansion junction 
can be both first-node ends, both last-node ends, or one of each. 

i. All input data are read into the main p rogram to avoid omissions 
or misorder ings . 

j . An improved method of determining node spacing is used to min­
imize numerical dispersion in the calculation of t rans ient propagation. 

k. Many diagnostics are used to determine consistency of problem 
input and to ass i s t the user in detecting input e r r o r s . 

1. An attempt has been made to use consistent and reasonably obvious 
notation throughout the program to facilitate la ter modification. 

Sections II and III contain the assumptions and equations underlying the 
development of PTA-1 , and the s t ructure of the main p rogram and subroutines 
is described in Sec. IV. A summary list of input data is presented in Sec. V, 
followed by elaborations on some of the individual input i t ems . Section VI con­
tains explanations of diagnostic messages writ ten by the p rog ram when it en­
counters input inconsistencies or other difficulties. The a l tera t ions to COMlvION, 
DIMENSION, and DATA statements needed to reduce or enlarge p r o g r a m s tor ­
age to conserve core requirements or t rea t increased sys tem size and com­
plexity are given in Sec. VII. A sample problem and a listing of PTA-1 are 
contained in the appendixes. 

U. ASSUMPTIONS 

The standard assumptions underlying one-dimensional f lu id-hammer 
analysis of p re s su re t rans ients in piping sys tems are:^ 
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a. The axial velocity u is the only nonzero velocity component. This 
assumption is modified slightly he re in that one-dimensional flow is assumed 
in deriving the governing fluid-motion equations, but fluid movement in the 
radial direct ion is accounted for in determining wall-deformation effects. 

b. The p r e s s u r e p and axial velocity u are functions of axial posi­
tion X and t ime t only. 

c. Changes in fluid density a re negligible compared to the density 
itself. In the governing differential equations, the fluid density is assumed 
to be a constant and, consequently, independent of position and t ime , but the 
bulk compress ib i l i ty of the fluid is taken into account in computing the wave 
speed c. 

d. Viscous losses in the fluid are neglected. 

e. Fr ic t ional losses at the pipe wall a re included through the Darcy-
Weisback friction coefficient f. 

The above assumptions all per ta in to the t rea tment of the fluid. To 
these must be added some assumptions on the influence of pipe-wall deforma­
tion on hydrau l ic - t rans ien t propagation. Various modelings of the pipe de­
formation a re possible , ranging from a rigid pipe-wall model with no s t ruc tu re -
fluid interact ion effects to a detailed modeling of dynamic deformations and 
s t r e s s e s in the piping and the resul tant interact ions of the s t r e s s waves and 
pipe vibrat ions with the fluid motion. The model used here is essential ly the 
simplest p ipe- response model that incorpora tes some influence of plastic wall 
deformation on t rans ien ts in the fluid. It has the advantages of being readily 
incorporated into s tandard f luid-hammer analysis procedures and giving r e ­
sults that are conceptually plausible and agree well with available experimental 
evidence on plast ic wall-deformation interact ion with f luid-transient 
propagation.^'^ 

The additional assumptions involved in this pipe response model 
include: 

a. The pipe response is quas i - s ta t i c ; i .e . , the pipe deformation is in 
equil ibrium with the f lu id-pressure distr ibution, which va r i e s with x and t. 
This e l iminates all waves travel ing through the pipe ma te r i a l . 

b. Bending moments in the pipe wall a re neglected, and pipe defor­
mations a re not requi red to be continuous functions of x. This implies that 
the pipe is t r ea ted as a s e r i e s of r ings that act independently of each other. 

c. Axial s t r e s s e s and s t ra ins in the pipe a re neglected. 

d. The pipe ma te r i a l is incompress ib le ; this is the usual assumption 
in plas t ic i ty p rob lems . 
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e. The pipe wal l is thin enough tha t c i r c u m f e r e n t i a l s t r e s s v a r i a ­
t ions a c r o s s the t h i c k n e s s can be neg l ec t ed . 

f. C i r c u m f e r e n t i a l s t r a i n s a r e snnall . 

The r e s u l t of t h e s e a s s u m p t i o n s on pipe r e s p o n s e i s t ha t the only in ­
fluence of pipe de fo rma t ion on t r a n s i e n t p r o p a g a t i o n in the fluid i s t h r o u g h i t s 
effect on loca l wave speed . The wave speed , which i s equa l to the sound s p e e d 
in the fluid if w a l l - d e f o r m a t i o n effects a r e n e g l e c t e d , is no l o n g e r j u s t a func­
t ion of fluid p r o p e r t i e s , but now depends on fluid p r o p e r t i e s , pipe p r o p e r t i e s , 
and p i p e - d e f o r m a t i o n h i s t o r y . Consequen t ly , it c a n v a r y with t i m e and p o s i ­
t ion along the p ipe , and p r o v i s i o n is m a d e in the c o m p u t a t i o n a l s c h e m e to 
a c c o m m o d a t e th is v a r i a t i o n . 

III. EQUATIONS 

The equat ions govern ing f l u i d - h a m m e r a n a l y s i s of p r e s s u r e - t r a n s i e n t 
p ropaga t ion in r ig id or e l a s t i c piping s y s t e m s us ing the o n e - d i m e n s i o n a l m e t h o d 
of c h a r a c t e r i s t i c s a r e d e r i v e d in Re f s . 3 and 4, s t a n d a r d t e x t s such as Ref. 7, 
and e l s e w h e r e . Modif ica t ions to account for the effect of p l a s t i c defornnat ion 
of the piping a r e d e r i v e d in Refs . 1, 5, and 6. T h e s e d e r i v a t i o n s v^dll not be 
r e p e a t e d h e r e ; only the r e su l t i ng se t of gove rn ing equa t ions wi l l be s u m m a r i z e d . 

A. C h a r a c t e r i s t i c Equa t ions 

Applying the o n e - d i m e n s i o n a l m e t h o d of c h a r a c t e r i s t i c s to fluid flow 
and cont inui ty r e l a t i o n s r e s u l t s in equ iva len t d i f f e ren t i a l equa t ions tha t i n ­
volve only to ta l d e r i v a t i v e s with r e s p e c t to t i m e and apply only along c h a r ­
a c t e r i s t i c c u r v e s ; t h e s e a r e 

du , 1 dp , , , 

dr + p-cdr+s("^ = °' (1) 
which holds along the pos i t ive c h a r a c t e r i s t i c C^, given by 

dx = (u + c)dt. (2) 

a n d 

•^^ 1 dp , , , 
d f - ^ d F " S ^ ^ ^ = ^' (3) 

which holds along the nega t ive c h a r a c t e r i s t i c C", given by 

dx = (u - c)dt , (^j 
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where p and u a re fluid p r e s s u r e and velocity at position x and time t, p is 
fluid density, and c is local wave speed. The pipe friction t e r m g(u) is a s ­
sumed h e r e to be 

g(u) = * # , (5) 

where f is the Darcy-Weisback friction factor and D is the pipe d iameter . 

For a rigid pipe wall, the wave speed is equal to the speed of sound 
in the fluid and is given by 

c'o = K/p (6) 

where K is the bulk modulus of the fluid. If the pipe is deforming elast ical ly, 
the wave speed is given by 

c^ = ^ / P (7) 
"" KD' ^'' 

^ + EH 

where H is pipe-wall thickness and E is Young's modulus of the pipe ma te ­
r ial . If port ions of the pipe a re undergoing plastic deformation, the wave 
speed is then given by 

c 
2 K/P 

1+ ™ 
(8) 

Kr: - -) 
where O and e, a re c i rcumferent ia l s t r e s s and s t ra in in the pipe; Q is related 
to the fluid p r e s s u r e through 

' = 1 - < " 
For rigid or elast ic pipe-v/all r esponse , the wave speed is a constant 

for each pipe. On the other hand, the wave speed va r i e s along a plast ical ly 
deforming pipe, since p and, consequently, a and da /de vary with position 
and t ime . Moreover , da /de depends not only on the cur ren t value of a (and 
p through Eq. 9). but also on pr ior s t ra in h is tory and the sign of dp. If there 
has been plast ic deformation at a pipe c r o s s section followed by elast ic un­
loading (path 123 in Fig. 1), the yield s t r e s s , which was originally u^, will be 
increased by s t ra in hardening to ^2.' s t r e s s e s such as 04, which would have 
produced plast ic deformation originally, will now produce elast ic deformation 
with i ts correspondingly higher wave speed. If a pipe c ro s s section is deform­
ing plast ical ly (point 2 in Fig. 1), a further p r e s s u r e inc rease will produce 
additional plast ic deformation, corresponding to a low wave speed; on the other 
hand, a p r e s s u r e decrease will produce elast ic unloading corresponding to a 
higher wave speed. 
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Fig. 1 

Stress-Strain Relation. ANL 
Neg. No. 113-5881. 

The m a x i m u m s t r e s s e x p e r i e n c e d at each ax i a l node poin t of a p l a s ­
t i ca l ly deforming pipe i s m o n i t o r e d . If the p r e v i o u s m a x i m u m s t r e s s at a 
p a r t i c u l a r point is l e s s than the o r ig ina l yie ld s t r e s s ^ i , the c u r r e n t s t r e s s 
i s c o m p a r e d with Oi to d e t e r m i n e whe the r the c o r r e s p o n d i n g d e f o r m a t i o n i s 
e l a s t i c or p l a s t i c . If the p r e v i o u s m a x i m u m s t r e s s is (72, which is g r e a t e r 
than Oi, the c u r r e n t s t r e s s is c o m p a r e d with 02 to d e t e r m i n e w h e t h e r the 
c u r r e n t de fo rma t ion is e l a s t i c or p l a s t i c . 

B. F in i t e -d i f f e r ence Solution along C h a r a c t e r i s t i c C u r v e s 

If the solut ion for p r e s s u r e and fluid ve loc i t y is known at a t i m e tg for 
e v e r y pos i t ion x along a p ipe , the so lu t ion at a l a t e r t i m e tg + At can be found 
through the r e l a t i o n s be tween d u / d t and d p / d t tha t hold along the c h a r a c t e r i s t i c 
c u r v e s . E x p r e s s i n g E q s . 1 and 3 in f i n i t e -d i f f e r ence f o r m for C and C" c h a r ­
a c t e r i s t i c s i n t e r s e c t i n g at point P (Fig . 2) g ives 

u p - u ^ + ~ : j ( p p - P A ) + &{^A)^^ = 0 
pc 

(10) 

a n d 

U l u B • ^ (PP - P B ) + g(^B)^t = 0' (11) 

w h e r e c ^ and u ^ a r e a p p r o p r i a t e l y a v e r a g e d v a l u e s of wave s p e e d and fluid 
ve loc i ty along the C c h a r a c t e r i s t i c be tween po in t s A and P , and c g cind U R 

Fig. 2 

Finite-difference Grid for Interior | 
Node. ANL Neg. No. 113-5882. 

R A 

- ^ X 
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are appropr ia te ly averaged values of wave speed and fluid velocity along 
the C" cha rac te r i s t i c between points B and P, 

+ Since the frictional losses at the pipe wall a re small , g(uA) and g(uB) 
are conveniently approximated by 

g(^A) ^ gA 

and y 

J ( U R ) ~ gi 

(12) 

where g ^ = g(u^) and gg = g(uB) by definition. 

If the pipe wall is r igid or is deforming elast ical ly, the wave speed 
is constant; i .e , , 

^ 1 = ^B= ""' (13) 

where c is found from Eq, 6 or 7, whichever is appropriate . However, the 
wave speed can va ry significantly along the charac te r i s t i c s if the pipe is 
deforming plast ical ly; for this case , we will take 

=1 zi^A "*" ^P 

and 

-B i (cR + c-p) 'B 

(14) 

where c^ , Cg, and c p are the local wave speeds corresponding to conditions 
at nodes A, B, and P , respect ively, and a re computed from Eq. 8. 

C, Determination of Time-Space Grid 

The Couran t -F r i ed r i chs -Lewy (CFL) ' c r i te r ion for convergence and 
stability of the finite-difference scheme used he re requ i res that the t ime 
step At and axial grid spacing Ax for a pipe satisfy 

Ax s (c + |u|)At. (15) 

Since the t ime step is the same for the ent i re sys tem and the wave 
speed va r i e s from pipe to pipe if the pipes deform. Ax must be selected for 
each pipe so as to satisfy the above inequality. For s t ra in-hardening ma te ­
r i a l s , the fluid wave speed corresponding to elast ic deformation of the piping 
is g rea te r than that corresponding to plastic deformation; consequently, the 
former will be used in determining Ax, We will take 

6, ^ Ax ^ 5 2 ' (16) 
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w h e r e 

61 = F,cAt, 62 = F2cAt. (̂ "̂ ^ 

The cons tan t Fj is chosen to al low for the effect of the fluid s p e e d in the C L E 
c r i t e r i o n , and F2 is chosen to p r e v e n t e x c e s s i v e n u m e r i c a l d i s p e r s i o n of the 
t r a n s i e n t s . In P T A - 1 , F^ = 1.03 and F 2 = l . l O a r e u s e d . F o r a p ipe of l ength L, 
let n be the c l o s e s t i n t e g e r to L / A J ; i . e . , 

n = { L / 6 , + 0.5}, (18) 

w h e r e {} denotes the " g r e a t e s t - i n t e g e r " function. We wi l l t a k e 

Ax = L / n , (19) 

if inequa l i t i e s 16 a r e sa t i s f i ed t h e r e b y . If Ax c o m p u t e d f r o m Eq, 19 is l e s s 
than 61, we wil l take Ax = 61 and compute a r e v i s e d pipe length L ' f r o m 

L- = n6i . (20) 

S i m i l a r l y , if Ax computed f rom Eq, 19 i s g r e a t e r than 62- we wi l l t a k e Ax = 62 
and compute L ' f rom 

L ' = n62. (21) 

If the fluid ve loc i ty b e c o m e s l a r g e enough dur ing a p r o b l e m c o m p u t a t i o n tha t 
v io la t ion of the C F L c r i t e r i o n i s i m m i n e n t , the t i m e s t e p i s d e c r e a s e d to e n ­
s u r e s tab i l i ty of the solut ion. 

D. In te rpo la t ion in F ixed T i m e - S p a c e Gr id 

The in t e rpo la t i ons r e q u i r e d in the fixed t i m e - s p a c e g r id have two 
a s p e c t s : The loca t ions of the i n t e r s e c t i o n s of the c h a r a c t e r i s t i c s wi th the 
cons tan t t i m e l ine (points A and B of F ig . 2) m u s t be d e t e r m i n e d ; and 
then v a l u e s of the d e s i r e d quan t i t i e s m u s t be computed at t h e s e l o c a t i o n s 
in t e r m s of t h e i r va lues at the g r id po in t s . Let v;^ be an a p p r o p r i a t e l y a v ­
e r a g e d va lue of u + c along the C+ c h a r a c t e r i s t i c t h r o u g h po in t s A and P ; 
v g be an a p p r o p r i a t e l y a v e r a g e d va lue of u - c a long the C~ c h a r a c t e r i s t i c 
th rough points B and P ; and 

e = At/Ax. (22) 

Then, 

^A = ^Q - V A ( X Q - ^R)Q^ 

( (^3) 
Xg = X Q - v g ( x s - XQ)e.J 
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and 

P A = P Q - v i ( p Q - PR)e' 

P B = P Q - V B ( P S - PQ^Q-

UA = UQ - VA(UQ - UR)e,^ 

Ug = UQ - vg(us - UQ)e. 

(24) 

(25) 

For a rigid or e las t ica l ly deforming pipe, the wave speed is constant 
along the cha rac t e r i s t i c s and, since the fluid velocity is smal l compared to 
the wave speed, we can take 

V A ^ UA+ c, vg «:< Ug - c, (26) 

where c is computed from Eq. 6 or 7, whichever is appropriate . Simultaneous 
solution of Eqs , 25 and 26 then gives 

u, 
UA = 

Q c(un - uo)e " 'Q 

and 

1 + (UQ - uj^)e 

^O + c(uc - uo)e 
U T J = 

^Q Q^ 
1 + (ug - UQ)e 

(27) 

For plas t ica l ly deforming pipe, the wave speed var ies significantly 
along the c h a r a c t e r i s t i c s . For this case , we will take 

and 

-1 

VB 

i (^A + c ^ + Up + Cp) 

i(uB + Up - Cp) 

(28) 

Since u p and c p (which depends on pp) a re unknown at t ime tg, an i tera t ive 
solution is requ i red between Eqs, 8, 24, 25, and 28 and equations for u p and 
Pp given in subsequent pa r t s of this section. In the computation of c ^ and Cg, 
the mciximum p r e s s u r e s experienced at points A and B must be known up to 
t ime to; let (Pniax)A ^^^ (Pmax)B ^® these values . Then, using l inear in te r ­
polation, we obtain 
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(Pmax)A = (Pmax)Q " VAKPmax)Q " (Pmax)R]e 

and 

(Pmax)B = (Pmax)Q " VB[(Pmax)s " (Pmax)Q]e ^ 

>-. (29) 

w h e r e (Pmax)Q' ^**^-' ^^® s t o r e d v a l u e s at the node p o i n t s . If P A <• (Pmax)A' 
the loca l de fo rma t ion at point A is e l a s t i c and C A is c o m p u t e d f r o m Eq . 7; if 
P A ^ (P )A ^^^ P A ^ 1 ^ ° e x c e e d s the pipe y ie ld p r e s s u r e , the d e f o r m a t i o n 
i s p l a s t i c and C A is computed f r o m Eq. 8 and the s t r e s s - s t r a i n r e l a t i o n . An 
analogous p r o c e d u r e i s u s e d to d e t e r m i n e C B -

E. I n t e r i o r - n o d e Ca lcu la t ion 

At an i n t e r i o r node , E q s . 10 and 11 can be so lved for u p and p p to 
g ive , us ing E q s . 12, 

u p = [c;^(uA - gA^t) + C B ( U B - gB^) + (PA - P B ) / P ] / ( C A + ^ B ) 

and r- (30) 

P p = [ P A / c i + P B / ^ B + P ( U A - gA^<^ - ^B + gB^^)lci^B/(<=A + <=B) . 

F o r r ig id or e l a s t i c pipe w a l l s , t h e s e equa t ions give exp l i c i t c l o s e d - f o r m 
r e l a t i o n s for u p and p p . F o r p l a s t i c a l l y d e f o r m i n g pipe w a l l s , C A - C B - and, 
consequen t ly , the i n t e rpo l a t i ons for p ^ , pB, U A - and U B depend on u p and p p . 
In i t ia l t r i a l v a l u e s for u p , p p , and the i n t e r p o l a t e d q u a n t i t i e s a r e a s s u m e d ; 
CA' CB. and c p a r e d e t e r m i n e d f r o m Eq. 8; V A and V B a r e d e t e r m i n e d f r o m 
E q s . 28; and p ^ , p g , u ^ , Ug, (Pmax)A' ^^^ (Pmax)B ^^^ c o m p u t e d f r o m E q s . 24, 
25, and 29, New va lues of c't and Cg a r e t hen d e t e r m i n e d and the p r o c e d u r e 
r e p e a t e d unt i l the va lues of the i n t e r p o l a t e d q u a n t i t i e s c o n v e r g e . New v a l u e s 
of Up and p p a r e then computed f r o m E q s . 30, and the i t e r a t i o n s a r e cont inued 
unt i l they c o n v e r g e . 

F . Junc t ion -node Ca lcu la t ions 

Typ ica l f i n i t e -d i f f e r ences g r i d s for b o u n d a r y nodes a r e shown in 
F ig , 3, w h e r e F ig , 3a i n d i c a t e s a l a s t - n o d e pipe end and F i g . 3b a f i r s t - n o d e 

Fig. 3 

Finite-difference Grids for Boundary 
Nodes, (a) Last Node at Boundary: 
(b) First Node at Boundary. 
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end. Equations for computing the fluid velocity and p r e s s u r e at the var ious 
types of junctions incorporated as subroutines in PTA-1 follow. 

1. Sudden Expansion or Contraction 

Assume the a rea-change junction connects the las t -node end of 
pipe LN, which has a r e a (A)L]VJ, to the f i rs t -node end of pipe LI , which has 
a rea ( A ) L I . The other combinations of pipe-end connections a re covered in 
the subroutine, but their equations will not be l isted he re since they a re easi ly 
deduced from the given case . F r o m Ref. 4 and Fig. 3, 

^"P^LN 
Y 

p+v9 yd 

and 

(up)^^ = R ( ^ P ) L N ' 

( P P ) L N " P A - Pci[(up)j^j^ - UA + gA^t], 

( P P ) T 1 = P B + PCBt(up)T 1 - ^B + gB^t] ' 

(31) 

where p ^ , c ^ , u ^ , and g^ per ta in to pipe LN, and pB, CBI and U B . and gB 
pertain to pipe L I . In the above, 

R = ( A ) L N / ( A ) L I . 

p = c;^+ R c § , 

Y = 2[C;^(UA - gA^t) + cg(ug - ggAt) + ( P A - P B ) / P ] ' 

and 

.10 

6 = 1 - R^ - K. 

The loss coefficient K is given by ' 

K = (1 - R)^ if R < 1 and U > 0, 

K = -(1 - R)^ if R > 1 and U < 0, 

K = 0.45R(R - 1), if R > 1 and U > 0, 

K = -0.45(1 - R), if R < 1 and U < 0, 

K e 0, if R = 1 or U = 0, 

(32) 

(33) 
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w h e r e 

(34) 
U= ^t^(^R^LN'^"s)J-LN 

Tee 

Cons ide r a tee junct ion connec t ing an a r b i t r a r y * n u m b e r of p i p e s , 
some of which m a y be connec ted at t h e i r f i r s t - n o d e ends and the r e m a i n d e r 
at t h e i r l a s t - n o d e e n d s . The p r e s s u r e is the s a m e for a l l pipe ends c o n n e c t e d 
at the t e e ; it i s given by 

Pp = i Z ALN[P(^A - gA^t) + PA/'^AILN 
LLN 

+ Z A L I [ - P ( ^ B - gB^t) + P B / ^ B ^ L I M 

w h e r e ^ deno tes s u m m a t i o n over a l l l a s t - n o d e pipe ends and 2_^ d e n o t e s 
LN L I 

s u m m a t i o n over a l l f i r s t - n o d e pipe e n d s . The fluid v e l o c i t i e s at a t y p i c a l 
l a s t - n o d e end and f i r s t - n o d e end a r e 

and (36) 

( u p ) ^ ^ = [ U A - gA^t - ( p p - P A ) / ( P C A ) ] L N 

( u p ) ^ ! = [^B - 8 B ^ * - (Pp - P B ) / ( P < = B ) 1 L I 

3. P u m p 

The s imp le pump m o d e l u s e d h e r e t r e a t s the p u m p as a t e e j u n c ­
t ion, with the p u m p head added to the p r e s s u r e at the p u m p end of the p ipe 
r e p r e s e n t i n g the out le t of the pump , 

4, Acous t i c I m p e d a n c e Discon t inu i ty with No A r e a Change 

C o n s i d e r two p ipes with the s a m e flow a r e a but d i f fe r ing a c o u s t i c 
i m p e d a n c e s b e c a u s e of d i f fe ren t wa l l t h i c k n e s s e s o r m a t e r i a l p r o p e r t i e s . Le t 
the l a s t - n o d e end of one p ipe , d e s i g n a t e d LN, be connec ted to the f i r s t - n o d e 
end of the o the r p ipe , d e s i g n a t e d L I , at a junc t ion . Then 

•PTA-1, like NATRANSIENT, currently handles up to six pipes connected at a tee. This can be easily extended 
by increasing storage designations if more branches are needed in modeling a complex component. 
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(up)^ , = (up) 
LI LN 

= [ C 1 ( U A - gA^t) + CB(ug - ggAt) + (p^ - P B ) / P ] / ( C ; ^ + Cg) 

and 

^^P^Ll = ^^P^Ll 

= [ p . / c + + p ^ / c - + p(u 
B' " B 

; ^ A t - U g + ggAt)]c+0-3/(0+ + C 3 ) 

(37) 

These equations a re the same as those of Eq. 30 for an in ter ior node, except 
that he re the set UA- P A ' gA' ^̂ *̂  ^A ^^^ ^ ^ ^^* ^ B ' P B ' gfi' ^^^ ^B i"efer to 
different p ipes . The other pipe-end combinations, i .e . , f i rs t-node end con­
nected to f i rs t -node end and last-node end connected to last-node end, a r e 
also t rea ted in the subroutine. 

Note that the sudden expansion or contraction case with R = 1 is 
equivalent to the acoust ic- impedance discontinuity case , i .e . , Eqs . 31-33 with 
R = 1 reduce to Eq. 37. Consequently, both cases could easi ly be computed 
with the same subroutine. This is not done in PTA-1 for two reasons : F i r s t , 
using the sudden-area-change equations to compute the acoust ic- impedance 
discontinuity case is more awkward and t ime-consuming than using Eq. 37 
direct ly. The second, and more important reason, is that it may be des i rable 
to rev ise the modeling of one or both of these junction types in subsequent 
vers ions of the p rogram; it will be eas ie r to do this if the cases a re t rea ted 
separate ly . 

5. Dummy Junction 

For sys tems having many short pipes and a few long pipes, input 
of the des i red t ime step may resul t in violation of the l imit on maximum 
number of computational nodes per pipe. Rather than r a i se this limit and 
thereby inc rease c o r e - s t o r a g e requ i rements , it may be expedient to break 
the long pipes into two or more pipes by inser t ing dummy junctions. A dummy 
junction may also be useful for reserv ing a location for inser t ion of a tee that 
connects to a subsys tem whose effect on the main sys tem will be determined 
la ter , or for identifying the location of a p r e s s u r e t ransducer . 

The computations for u p and p p at the dummy junction are identi­
cal to those at the acoustic impedance discontinuity and a re performed by the 
same subroutine. 

6. Closed End 

junction, 
For a pipe with its f i rs t -node end connected to a c losed-end 
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a n d 
(38) 

P p = P B - P ^ B ( ' ' B • ^B^*^ _ 

If the l a s t - n o d e end of a pipe i s c l o s e d . 

Up = 0 

a n d (39) 

P p = P A + P ^ A ( ^ A - S A ^ ^ ) . 

7. C o n s t a n t - p r e s s u r e B o u n d a r y 

F o r a pipe with i t s f i r s t - n o d e end connec t ed to a c o n s t a n t - p r e s s u r e 

r e s e r v o i r at p r e s s u r e Ppj^g ' 

I 'p P R E S 

a n d (40) 

Up = Ug - gBAt+ (pj^j^s - pg) / (pCB) 

It i t s l a s t - n o d e end i s connec ted to the junc t ion , 

P p ^ P R E S 

a n d 

^ P = ^A - gA^^ - ( P R E S - P A ) / ( P ^ A ) , 

(41) 

N u m e r i c a l s tud ie s ind ica te tha t the effect of gas c o m p r e s s i b i l i t y 
in a s u r g e tank with a gas space on f l u i d - t r a n s i e n t p r o p a g a t i o n in p iping s y s ­
t e m s of the type c o n s i d e r e d h e r e is s m a l l . Consequen t ly , s u r g e t a n k s c a n be 
naodeled as c o n s t a n t - p r e s s u r e b o u n d a r i e s . 

8. F a r - e n d B o u n d a r y 

In the a n a l y s i s of s u b s y s t e m s of a c o m p l e x n e t w o r k , it i s use fu l 
to have a bounda ry that t r a n s m i t s p r e s s u r e w a v e s out of the s u b s y s t e m w i t h ­
out r e f l ec t ing t h e m . Th is is e a s i l y a c c o m p l i s h e d by put t ing the fluid v e l o c i t y 
ajid p r e s s u r e at the f a r - e n d junc t ion equa l to t h e i r v a l u e s a t the ad j acen t node 
p ipe ; i . e . , if the f i r s t - n o d e end of a pipe i s connec ted to a f a r - e n d junc t ion , 
then (see F i g . 3) 
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P p = P N ' ^ P = ^N' (42) 

and if the las t -node end is connected, then 

P p - P M ' U l u M- (43) 

9, Rupture Disk 

The simple rup ture -d i sk model used here is to t r ea t it as a 
closed-end boundary until the burs t p r e s s u r e PpQg of the disk is attained 
and to t r ea t it thereaf ter as a cons tan t -p ressu re boundary at p r e s su re P p n r -
Let tj^D be the t ime at which the p r e s s u r e at the disk f irs t reaches Pprxg; 
then, for the f i rs t -node end of a pipe connected to the rupture disk. 

U T 3 = 0 , 

P p = P B - P ^ B ( ^ B " gB^*)' 
• t s tĵ j-) (pp ^ P R D B ) 

P p - P R D G -

Up = UB - gB^t + ( P R D G - P B ) / ( P C B ) ' 

If the las t -node end is connected to the disk. 

t > t RD 

(44) 

U p = 0 , 

t ^ t^Q (pp ^ P R D B ) 

t > t RD 

(45) 
Pp = P A + P ^ A ( ^ A - gA^*)'J 

Pp "" P R D G ' 

Up = u ^ - EA^^ - ( P R D G - P A ) / ( P ' = A ) -

10. P r e s s u r e - S o u r c e Junction 

The p r e s s u r e - s o u r c e junction is s imi lar to a cons tan t -p ressure 
boundary, except that the p r e s s u r e pcQ(t) at the junction is t ime-dependent 
cind is obtained from the p r e s s u r e - s o u r c e subroutine. Up to six pipes may 
be connected at a source junction; this number can be increased by changing 
s torage al lotments or by designating severa l p r e s s u r e - s o u r c e junctions, all 
of w^hich w^ill experience the same p r e s s u r e - h i s t o r y input. 
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and 

For each first-node pipe end connected to a source junction, 

Pp = Pso(^) 

Up = UB - gB^t + (pgo - P B ) / ( P C B ) 

and for each last-node end, 

Pp = Pso(*^ 

and 

^P = ^A - ^A^* - (PSO - P A ) / ( P ' ^ A ) 

G. Pipe Friction Factor 

Frict ional losses at the pipe wall are calculated using Eq. 5, The 
friction factor f is found from the Colebrook-White corre la t ion 

(46) 

(47) 

f = 
64 

N Re 
^Re ^ 3000, 

and 

'R* 9.35 
1.14- 2 1 o g , o ^ + N Re > 3000, 

(48) 

where Rf is the pipe roughness and N R ^ is the Reynolds number , defined by 

NRe = puD/jx, (49) 

with p, being the dynamic viscosity of the fluid. The second of Eqs. 48 r e ­
quires an i terative solution; initial es t imates for f are given by 

f « 0 . 3 1 6 / N I / ^ for Rf/D ^ 10"* 

and (50) 

f -̂  [1.14 - 2 log,o(R^/D)]-2 for R ^ / D > 10"* 

H. Sodium Proper t i es 

Temperature-dependent proper t ies of liquid sodium are computed from 
correla t ions recommended by Golden and T o k a r . " 
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The specific weight y of sodium in Ib/ft^, calculated from Eq, 2,1 of 
Ref, 11, is 

Y = 59.566 - 7.9504 x lO'^T - 0.2872 x lO'^T^ + 0.06035 x 10" 'T^ 

208°F S T ^ 2500°F, (51) 

and the corresponding density p in Ib-secY^t^ is 

P = Y/g, (52) 

where g = 32.2 f t /sec^ is the accelera t ion of gravity. 

The dynamic viscosi ty p, in lb-sec/ft^, using Eq, 5.19a of Ref. 11, 
is calculated from 

^ = {exp[2.303(1.0203 + 397.17/(T + 460) 

-0.4925 logio(T + 460)]}/3600/32.2, (53) 

where T is in degrees Fahrenhei t . 

Golden and Tokar recommend a l inear dependence of sound speed on 
tempera ture . Based on tabulated values in their Appendix E, CQ in f t / sec is 
calculated from 

Co = 8285 - 2187(T - 210)/2290. (54) 

I. S t r e s s -S t r a in Relations for Piping Mater ia ls 

The tempera ture-dependent s t r e s s - s t r a i n relat ions for Types 304 and 
316 s ta inless s teels were obtained from Ref. 12, which gives equations for 
fitted cu rves . 

Reference 2 provides a s t r e s s - s t r a i n curve for Nickel 200. (This 
m a t e r i a l is useful for exper imental simulation of reac tor piping since its 
s t r e s s - s t r a i n cha rac t e r i s t i c s at room tempera tu re a re s imi lar to those for 
s ta inless s tee ls at r eac to r t empera tu res . ) This curve was fitted by l inear 
elast ic and plast ic regions connected by a plastic region that is par t of an 
el l ipse. This may be a useful functional form for fitting other ma te r i a l data; 
it is given by 

Q = Ee, 0 S e ^ Sj (linear elast ic) ; 

Ci(a/ao) ' + C2(a/ao) + C3(e/eo) + C4(e/eo)' + C5 = 0, 
(55) 

Si < e < 62 (elliptic plast ic) ; 

Q = Oo + Ep(e - Co). 62 ^ e (linear plast ic) ; 
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w h e r e a and e a r e s t r e s s and s t r a i n , E and E p a r e the e l a s t i c m o d u l u s and 
s lope of the l i nea r p l a s t i c r eg ion , and the point (eo.<?o) i s the i n t e r s e c t i o n of 
the extended l i nea r e l a s t i c and p l a s t i c r e g i o n s . The c o n s t a n t s Ci a r e c h o s e n 
so that the c u r v e s and t h e i r s lopes a r e cont inuous at the po in t s ( e i . a i ) ^^°^ 
(ez.az); they a r e given by 

C, = (Y2 - 1) ' - R m ( l - Y,) ' . 

C2 = - 2 [ Y , ( Y 2 - 1) ' - Rm(Y2 - YI)(Y2 - 1)(1 - Y,) " R^Y2(l - Y,) ']-

C3 = -2Rm(Y2 - YI)[(Y2 - 1)(1 - Yi) + R m ( l " Y1Y2)]' 

C4 = Rm(Y2 - Yi)(2 - Yi - Y2). 

and 

C5 = (1 - R ^ ) Y J ( Y 2 - 1)'. 

(56) 

w h e r e 

R-m = E p / E , Yi = °i/oo, Y2 = (Jz/ao- (57) 

An e s s e n t i a l l y exac t fit to the Nicke l 200 da t a given in Ref, 2 i s ob­
ta ined by taking E = 30 x 10^ ps i (207 x 10^ k P a ) , oo = 29.000 p s i (2 x 10^ k P a ) , 

Yi R^ = 0 ,0135, Yi = 3 /4 , and Y2 = 5 /4 . 
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IV. CODE STRUCTURE 

The PTA-1 code consis ts of the MAIN p rogram; the MTPRP sub­
routine for computing piping m a t e r i a l p roper t i e s and associated fluid wave 
speeds; the F L P R P subroutine for computing fluid p roper t i e s ; the INTRP 
subroutine for performing interpolat ions in the t ime-space grid; the FRCTRM 
subroutine for computing the frictional loss t e r m ; the nine junction subrou­
tines AREACH, TEE, PUMP, IMPED, CLOSED, CONSTP, FAREND, RUPDSK, 
and PRESSO; and the pu l se - sou rce subroutine PTIME. 

Throughout the p rog ram, pipes a re re fe r red to by either L P I P E ( L ) or 
L, where LPIPE is the user -suppl ied identification number and L is the cor ­
responding p rog ram-gene ra t ed identification number. Similarly, junctions are 
re fe r red to by ei ther J U N ( J ) or J , where JUN is the user-suppl ied identifica­
tion number and J is the corresponding program-genera ted identification num­
ber . The user - suppl ied numbers a re a rb i t r a ry , while L = 1, 2, 3, .. . , NPIPE, 
and J = 1, 2, 3, . . . , NOJUN, where NPIPE and NOJUN are the numbers of 
pipes and junctions in the sys tem, respect ively. 

A. Main P r o g r a m 

The main p r o g r a m receives all input data and checks its internal con­
sistency, a ssembles the piping-network model, per forms manipulations and 
initializations needed to s ta r t the method of charac te r i s t i cs computations, 
performs the in ter ior-node computations, calls the appropriate junction subrou­
t ines, pr ints output, and r e se t s var iables for the next t ime increment . It is 
composed of the subsections descr ibed below. 

1. Specifications 

This subsection consis ts of COMMON, DIMENSION, and DATA 
sta tements . The shar ings of numbered common blocks (R1-R5) with sub­
routines a re indicated in Table I. Alterations to specification s tatements 
needed to al ter s torage requi rements or network limitations are discussed 
in Sec. VII. 

TABLE I. Shar ing of Data in N u m b e r e d Common Blocks 

C o m m o n Block Common Block 

Routine Rl R2 R3 R4 R5 Routine R l R2 R3 R4 R5 

MAIN 
MTPRP 
FLPRP 
INTRP 
FRCTRM 
AREACH 
T E E 
PUMP 

X 
X 

X 
X 
X 
X 
X 

X 

X 

X 
X 
X 

X 

X 

X IMPED 
CLOSED 
CONSTP 
FAREND 
RUPDSK 
PRESSO 
PTIME 

X 
X 
X 
X 
X 
X 

X 
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2. Input 

All input to the P T A - 1 code is a c c o m p l i s h e d in th i s s u b s e c t i o n , 
and some input d i agnos t i c s a r e p e r f o r m e d . Input da t a r e q u i r e m e n t s a r e l i s t e d 
in Sec . V, and d iagnos t ic m e s s a g e s a r e expla ined in Sec . VI. 

3. Computa t ion of P r o b l e m P a r a m e t e r s 

The f l u i d - p r o p e r t i e s sub rou t ine F L P R P is c a l l e d to c o m p u t e the 
fluid dens i ty , dynamic v i s c o s i t y , and sound speed at s y s t e m t e m p e r a t u r e . 

P i p e f r ic t ion i s ba sed on pipe d i a m e t e r D, and expans ion l o s s 
coeff ic ients a r e b a s e d on flow a r e a A. In mode l ing a c o m p o n e n t a s an a r r a n g e ­
m e n t of equiva lent p i p e s , it m a y be d e s i r a b l e to have A j ^i:>^ IA for s o m e of 
t he se equiva len t p i p e s ; D and A can then be p r e s c r i b e d independen t ly . If 
A = nD^/4, howeve r , the input for A can be left blank and A wi l l be c o m p u t e d 
f rom the d i a m e t e r ; th i s computa t ion is p e r f o r m e d in th i s s u b s e c t i o n . 

The m a t e r i a l - p r o p e r t i e s sub rou t ine M T P R P is ca l l ed to c o m p u t e 
yie ld p r e s s u r e , f lu id-wave speed c o r r e s p o n d i n g to e l a s t i c d e f o r m a t i o n , and 
p r e l i m i n a r y m a t e r i a l in fo rmat ion for each pipe in the s y s t e m . 

The eLxial g r id spacing for each pipe is d e t e r m i n e d f r o m E q s . 16-21 
for the input t ime s tep . 

4. P r i n t Input, P r o b l e m P a r a m e t e r s , and Ne twork A r r a n g e m e n t 

The input da ta f rom subsec t i on 2, computed p r o b l e m p a r a m e t e r s 
f r om subsec t ion 3, and p i p e - n e t w o r k - a r r a n g e m e n t i n f o r m a t i o n , such a s junc t ion 
ident i f ica t ion n u m b e r s and types a s s o c i a t e d with e a c h p ipe , a r e p r i n t e d to 
p rov ide input ve r i f i ca t ion and a r e c o r d of the p r o b l e m s t a t e m e n t . 

5. D e t e r m i n a t i o n of P i p e Connec t ions at E a c h J u n c t i o n 

The junc t ion ident i f ica t ion n u m b e r s for the ends of e a c h p ipe a r e 
input da ta that specify the ne twork a r r a n g e m e n t . The i n v e r s e i n fo rma t ion is 
d e t e r m i n e d in th is subsec t ion ; i . e . , the p ipes connec ted to e a c h junc t ion a r e 
d e t e r m i n e d in o r d e r to fac i l i t a te subsequen t j u n c t i o n - n o d e connputa t ions . The 
quant i ty M L l ( j ) i s the n u m b e r of f i r s t - n o d e p ipe ends connec ted at junc t ion 
n u m b e r J U N ( j ) , and M L N ( J ) is the n u m b e r of l a s t - n o d e ends connec t ed t h e r e . 
The quant i ty L J 1 ( J , M ) , 0 ^ M S M L 1 ( J ) , i m p l i e s tha t p ipe n u m b e r L P I P E ( L J I ) 

is connected at i ts f i r s t - n o d e end to junc t ion n u m b e r J U N ( J ) ; s i m i l a r l y , 
L J N ( J , M ) , 0 ^ M a: M L N ( J ) , i nd i ca t e s that p ipe n u m b e r L P I P E ( L J N ) i s c o n ­
nected at i ts l a s t node to junc t ion n u m b e r J U N ( J ) . The l i s t s M L l , MLN, L J l , 
and LJN a r e p a s s e d to the junc t ion s u b r o u t i n e s th rough COMMON. A n u m b e r 
of d iagnos t ic c h e c k s a r e p rov ided in th i s s u b s e c t i o n , such a s ve r i fy ing tha t 
each two-p ipe junct ion h a s two p i p e s connec ted to i t . 
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6. Conversion of Units 

Input to the problem is in cus tomary units , e.g., pipe d iameters 
in inches and pipe lengths in feet. In this subsection, all quantities a r e con­
ver ted to the foot /pound-force/second sys tem of units. 

7. Init ializations at TBEG 

The init ializations needed to s ta r t the method of charac te r i s t i c s 
computation for the pipe network at t ime TBEG a r e performed in this sub­
section. These include initializing the p r e s s u r e and velocity ma t r i ces P(L,I,K) 
and U(L,I,K), whose elements give the p r e s s u r e and velocity at node I of pipe 
number LPIPE(L) at t ime to (K = l) and to + At (K = z). Another quantity 
that is init ialized is KPLAS(L). If KPLAS(L) = 0, then pipe number LPIPE(L) 
has not deformed plast ical ly; if KPLAS(L) = 1, then pipe number LPIPE(L) 
is the f i rs t pipe to deform plastically; if KPLAS(L) = 2, then pipe number 
LPIPE(L) is the second pipe to deform plastically; etc. Tests of whether 
KPLAS(L) is g rea t e r than or equal to zero provide a convenient means of 
determining whether an i terat ive solution is required, and positive values of 
KPLAS provide convenient indices for storing data pertaining to plastically 
deforming pipes. 

8. In ter ior-node Calculation 

The fluid velocity and p r e s s u r e at the inter ior nodes of each pipe 
a re computed in this subsection for a t ime step At, using Eqs. 30. A once-
through computation is used for each elastically deforming or rigid pipe, and 
and i te ra t ive procedure is followed for each plastically deforming pipe. The 
INTRP subroutine is called to per form interpolations in the t ime-space grid, 
and FRCTRM is called to compute the frictional loss term. 

If the e las t ic -p las t ic boundary is close to a computational point 
and the s t r e s s - s t r a i n curve has a kink at the yield point, the numerical 
solution may osci l late ra ther than converge. An averaging technique is then 
used to break up the osci l latory pat tern and encourage convergence of the 
i terat ive procedure . 

If the computed p r e s s u r e somewhere in a pipe that has not p r e ­
viously deformed plast ical ly exceeds its yield p r e s s u r e , the pipe is designated 
as a plast ical ly deforming pipe and its p r e s s u r e and velocity distributions 
a r e recomputed for the t ime step. A message is writ ten denoting the inception 
of plast ic deformation for the pipe. 

9. Junction-node Calculation 

The fluid velocity and p r e s s u r e at each junction node a r e computed 
by calling the appropr ia te junction subroutine. I teration is used if one or 
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m o r e of the p ipes connec ted at the junc t ion have u n d e r g o n e p l a s t i c d e f o r m a ­
tion. An a v e r a g i n g technique s i m i l a r to that e m p l o y e d in the p r e v i o u s s u b ­
sec t ion is u sed to d i s r u p t nonconve rgen t n u m e r i c a l o s c i l l a t i o n s a r o u n d the 
solut ion. The in i t ia t ion of p l a s t i c d e f o r m a t i o n a t a junc t ion i s d e t e c t e d and 
an a p p r o p r i a t e m e s s a g e wr i t t en . S i m i l a r l y , an a n n o u n c e m e n t i s p r i n t e d if 
a r u p t u r e disk b u r s t s dur ing the t ime s tep . 

Some d iagnos t i c checks a r e p e r f o r m e d . F o r e x a m p l e , if a j u n c ­
t ion is speci f ied a s a r u p t u r e d isk , but no d isk data a r e input for tha t junc t ion , 
an e r r o r m e s s a g e i s w r i t t e n and the compu ta t ion i s t e r m i n a t e d . 

10. P r i n t R e s u l t s at Specif ied T i m e Step 

The r e s u l t s of the i n t e r i o r - and j unc t i on -node c o m p u t a t i o n s a r e 
p r i n t ed out in th i s subsec t ion . Input data specify f requency of output ( e v e r y 
t ime s t ep , eve ry o the r t ime s t ep , e v e r y t h i r d t i m e s t ep , e t c . ) , w h e t h e r r e s u l t s 
for a l l p ipes o r s e l ec t ed p ipes a r e p r i n t e d , and p r in tou t d e t a i l ( e v e r y node in 
the s e l e c t e d p i p e s , e v e r y o the r node , e tc . ) 

Typ ica l output at the end of a t i m e s t ep c o n s i s t s of the t i m e and 
the s o u r c e p r e s s u r e at that tim.e, followed by a r r a y s giving loca t ion , p r e s s u r e , 
ve loc i ty , and sound speed a t the specif ied nodes of the spec i f ied p ipes . E a c h 
a r r a y is identif ied by pipe n u m b e r and the n u m b e r s of the junc t ions t h a t the 
pipe connec t s . The pos i t ive ve loc i ty d i r e c t i o n in a pipe is f r o m the f i r s t 
node to the l a s t node. P r e s s u r e s a r e c o n v e r t e d to p s i be fo re p r in t ing . 

11. In i t i a l i za t ions for Next T i m e Step 

V a r i o u s in i t i a l i za t ions and upda t ings a r e p e r f o r m e d in th is s u b ­
sec t ion to p r e p a r e for the next t i m e s tep . An upda ted r e c o r d i s m a i n t a i n e d 
of the m a x i m u m p r e s s u r e e x p e r i e n c e d by each pipe and the t i m e at which it 
o c c u r s ; th is in fo rmat ion i s p r i n t ed a t the end of the p r o b l e m . The n u m e r i c a l -
s tab i l i ty c r i t e r i o n is checked, and At is s h o r t e n e d if n e c e s s a r y ( s ee Sec . III.C). 
The r e c o r d of m a x i m u m p r e s s u r e s a t t a ined a t e a c h node in a p l a s t i c a l l y d e ­
forming pipe is updated for u s e in i n c o r p o r a t i n g h i s t o r y effects into the w a v e -
speed computa t ion ( see Sec. III.A). The t i m e is i n c r e m e n t e d by At, and the 
new s o u r c e p r e s s u r e i s computed . The a r r a y s P(L , I ,1 ) and U(L,I ,1) a r e 
r e p l a c e d by c o r r e s p o n d i n g e l e m e n t s f r o m P(L, I ,2 ) and U(L,I ,2) . 

12. P r i n t o u t a t End of P r o b l e m 

After r e s u l t s of the final t i ine s t ep a r e p r i n t e d , s o m e add i t i ona l 
in fo rmat ion is p r in t ed by th is subsec t i on a t the end of the p r o b l e m . This 
inc ludes (1) the m a x i m u m p r e s s u r e e x p e r i e n c e d by each pipe and the t i m e a t 
which it o c c u r r e d , (2) the ident i f ica t ion n u m b e r s of the p ipes t ha t have d e ­
f o r m e d p l a s t i c a l l y , and (3) ident i f ica t ion of the r u p t u r e d i sks that have b u r s t 
and the c o r r e s p o n d i n g t i m e s . 



31 

13. D iagnos t i c M e s s a g e P r i n t s 

P T A - 1 h a s m a n y d i agnos t i c m e s s a g e s to identify input i n c o n s i s ­
t e n c i e s and e r r o r s and to ind ica te c o m p u t a t i o n a l d i f f i cu l t i e s . T h e s e m e s ­
sages a r e c o n t a i n e d in th i s s u b s e c t i o n of the p r o g r a m and a r e d e s c r i b e d in 
de ta i l in Sec . VI. 

14. I n p u t - f o r m a t S t a t e m e n t s 

F o r m a t s for input da t a a r e con ta ined in t h i s s u b s e c t i o n . 

15. O u t p u t - f o r m a t S t a t e m e n t s 

Output f o r m a t s , excep t for d i agnos t i c m e s s a g e s , a r e con ta ined in 
th i s s u b s e c t i o n . 

B. Subrou t ine M T P R P 

The M T P R P s u b r o u t i n e c o m p u t e s fluid wave speed a s a function of 
p r e s s u r e for v a r i o u s p iping m a t e r i a l s wi th e l a s t i c - p l a s t i c d e f o r m a t i o n effects 
inc luded. The v e r s i o n in P T A - 1 h a s p r o v i s i o n for t r e a t i n g six d i f fe ren t piping 
m a t e r i a l s , wh ich a r e ident i f ied by a m a t e r i a l n u m b e r MAT, C u r r e n t l y , 
MAT = 1 i s Type 304 s t a i n l e s s s t e e l ; MAT = 2 is Type 316 s t a i n l e s s s t e e l ; 
MAT = 3 is the funct ional f o r m for fi t t ing s t r e s s - s t r a i n c u r v e s d e s c r i b e d in 
E q s . 55 -57 , wi th the m a t e r i a l c o n s t a n t s for Nicke l 200; MAT = 4 and MAT = 5 
a r e b i l i n e a r s t r e s s - s t r a i n r e l a t i o n s ; and MAT = 6 is a r ig id m a t e r i a l . S y s t e m 
t e m p e r a t u r e and fluid p r o p e r t i e s , such as sound speed and dens i ty , a r e a v a i l ­
able t h rough COMMON. T h e r e a r e t h r e e e n t r y po in t s in the M T P R P s u b r o u t i n e : 

1. E n t r y E L P R P ( M A T , H P , P Y L D , CELAS) i s ca l l ed f r o m the 
"Computa t ion of P r o b l e m P a r a m e t e r s " subsec t i on of the m a i n p r o g r a m . The 
yield p r e s s u r e P Y L D and e l a s t i c wave speed C E L A S a r e compu ted for a p ipe 
having a t h i c k n e s s - t o - d i a m e t e r r a t i o HD and m a d e of m a t e r i a l type MAT. 
P Y L D is r e l a t e d to the y ie ld s t r e s s of the m a t e r i a l t h rough Eq . 9. and CELAS 
is computed us ing Eq . 7. V a r i o u s p a r a n n e t e r s , such a s e l a s t i c m o d u l u s , y ie ld 
s t r e s s , and the Cj of E q s . 56, a r e d e t e r m i n e d for e a c h m a t e r i a l the f i r s t t i m e 
the m a t e r i a l type i s c a l l e d ; if K P R ( M A T ) = 0, the m a t e r i a l type MAT h a s not 
been used in s o m e p r e v i o u s c a l l of F L P R P , and if K P R ( M A T ) = 1, it h a s been 
used . 

2. E n t r y W R M A T ( M A T ) i s c a l l ed f r o m the " P r i n t Input , P r o b l e m 
P a r a m e t e r s , and N e t w o r k A r r a n g e m e n t " s u b s e c t i o n of the m a i n p r o g r a m . 
It p r i n t s a m e s s a g e d e s c r i b i n g m a t e r i a l type MAT. The logic in the m a i n 
p r o g r a m is such tha t a m a t e r i a l m e s s a g e is p r i n t e d only once , no m a t e r how 
m a n y p i p e s a r e m a d e of the m a t e r i a l , and m e s s a g e s for only the m a t e r i a l s 
u sed in the s y s t e m a r e p r i n t e d . 
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3, E n t r y W V S P D ( M A T , HD, P , P X , C) is ca l l ed to c a l c u l a t e the f lu id-
wave speed C as a function of p r e s s u r e P , us ing E q s , 8 and 9. a t a po in t in a 
p ipe w h e r e the p r e v i o u s m a x i m u m p r e s s u r e is PX . The p ipe i s m a d e of m a ­
t e r i a l MAT and has a t h i c k n e s s - t o - d i a m e t e r r a t i o HD. 

C. Subrou t ine F L P R P ( S P W T , DENS, VISC, S N D S P D ) 

The F L P R P sub rou t ine c o m p u t e s the spec i f ic weight ( S P W T ) , d e n s i t y 
( D E N S ) , dynamic v i s c o c i t y (VISC), and sound speed ( S N D S P D ) of the fluid 
conta ined in the piping s y s t e m . The systenn t e m p e r a t u r e , which i s a p r o b l e m 
input, is ava i l ab le f rom the m a i n p r o g r a m th rough COMMON. The c u r r e n t 
v e r s i o n of F L P R P used in P T A - 1 c o m p u t e s l i q u i d - s o d i u m p r o p e r t i e s f r o m 
E q s . 51 -54 . 

D. Subrout ine I N T R P ( L , I , K , U , P , C ) 

The INTRP subrou t ine p e r f o r m s the i n t e r p o l a t i o n s d e s c r i b e d in 
Sec , III .D, If K = 1, the in t e rpo la t ion i s along the C*" c h a r a c t e r i s t i c , and the 
ca l cu la t ed v a l u e s of fluid ve loc i ty U, p r e s s u r e P , and wave speed C c o r r e s p o n d 
to UA , P A ' s^nd c"t , r e s p e c t i v e l y . If K = 2, the i n t e r p o l a t i o n is along the C" 
c h a r a c t e r i s t i c , and the r e t u r n e d v a l u e s of U, P , and C c o r r e s p o n d to Ug, p^ . , 
and Cg, r e s p e c t i v e l y . (See F i g s . 2 and 3 and E q s . 13, 14, and 22-29. ) G r i a 
poin t Q of F i g s , 2 and 3 c o r r e s p o n d s to node I of p ipe n u m b e r L P I P E ( L ) . 

If K P L A S ( L ) = 0, the pipe h a s not unde rgone p l a s t i c d e f o r m a t i o n and 
E q s . 24, 26, and 27 a r e used . If K P L A S ( L ) > 0, the p ipe h a s had p r e v i o u s p l a s ­
tic de fo rma t ion , and E q s . 24, 25, 28 and 29 a r e used in an i t e r a t i v e t e c h n i q u e . 
If MPX - 0, the va lue of the wave speed Cp in E q s . 28 is c o m p u t e d f r o m c o n ­
di t ions at point P . If MPX > 0, the i t e r a t i v e so lu t ion at po in t P p e r f o r m e d in 
the ma in p r o g r a m is converg ing p o o r l y and an a v e r a g e d va lue of c^, i s then 
p a s s e d f rom the m a i n p r o g r a m to I N T R P th rough COMMON. 

E. Subrout ine F R C T R M ( L , U , G ) 

The f r ic t ion t e r m G, defined in Eq. 5, is compu ted for fluid ve loc i t y 
U in pipe n u m b e r L P I P E ( L ) . F lu id p r o p e r t i e s , p ipe r o u g h n e s s , and p ipe d i ­
a m e t e r a r e p a s s e d th rough COMMON. The p ipe f r i c t ion f ac to r f i s c o m p u t e d 
a s d e s c r i b e d in Sec, III,G. If KFRIC = 0, f r i c t i ona l l o s s e s a r e n e g l e c t e d and 
the f r ic t ion t e r m is se t to z e r o . 

F . Subrout ine A R E A C H ( J ) 

The AREACH sub rou t ine p e r f o r m s the b o u n d a r y - n o d e c a l c u l a t i o n a t 
the a r e a change (sudden expans ion o r con t r ac t i on ) at junc t ion n u m b e r J U N ( j ) , 
a s d e s c r i b e d in Sec. I I I . F . l . The bas i c c a s e t r e a t e d is a l a s t - n o d e end c o n ­
nected to a f i r s t - n o d e end. The o the r two c a s e s , i . e . , two f i r s t - n o d e ends 
connected o r two l a s t - n o d e ends connec t ed , a r e c o n v e r t e d f i r s t to equ iva l en t 
ba s i c c a s e s and then c o n v e r t e d back at the end of the c a l c u l a t i o n . 
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G. Subrou t ine T E E ( J , I N C 0 N D , P R ) 

The T E E s u b r o u t i n e c o m p u t e s the p r e s s u r e and fluid v e l o c i t i e s at 
the t ee at j unc t ion n u m b e r J U N ( J ) a c c o r d i n g to the p r o c e d u r e d e s c r i b e d in 
Sec . I I I .F .2 . 

H. Subrou t ine P U M P ( J , L L P M P , H E A D ) 

T h e P U M P subrou t ine c o m p u t e s the p r e s s u r e s and fluid v e l o c i t i e s a t 
the p u m p at j unc t ion n u m b e r J U N ( J ) , a s d e s c r i b e d in Sec . I I I . F . 3 . The p u m p 
h e a d is H E A D , and i t s ou t le t is into p ipe n u m b e r L P I P E ( L L P M P ) . The p u m p 
is m o d e l e d a s a t e e , wi th the p u m p head being s u b t r a c t e d in p e r f o r m i n g the 
flow b a l a n c e at the t e e junc t ion . The head is then added on aga in in comput ing 
the p r e s s u r e a t the ou t le t p i p e . 

I. Sub rou t ine I M P E D ( J ) 

The b o u n d a r y - n o d e ca l cu l a t i on at the d u m m y junc t ion o r a c o u s t i c -
i m p e d a n c e d i scon t inu i ty at junc t ion n u m b e r J U N ( J ) i s p e r f o r m e d by the 
I M P E D s u b r o u t i n e , us ing the p r o c e d u r e s d e s c r i b e d in Sec . I I I .F .4 and I I I . F . 5 . 
As in the AREACH s u b r o u t i n e , the l a s t - n o d e end of one p ipe connec ted to the 
f i r s t - n o d e end of ano the r is t r e a t e d as the b a s i c c a s e . The o the r p o s s i b i l i t i e s 
a r e c o n v e r t e d f i r s t to equ iva len t b a s i c c a s e s and then c o n v e r t e d back at the 
end of the c a l c u l a t i o n . 

J . Subrou t ine C L O S E D ( J ) 

The C L O S E D sub rou t ine p e r f o r m s the b o u n d a r y - n o d e c a l c u l a t i o n at 
the c l o s e d end l o c a t e d at junc t ion n u m b e r J U N ( J ) , u s ing E q s . 38 and 39. It 
t r e a t s e i t h e r a f i r s t - n o d e p ipe end o r a l a s t - n o d e end connec ted to the junc t ion . 

K. Subrou t ine C O N S T P ( J , P R E S ) 

The C O N S T P sub rou t ine p e r f o r m s the b o u n d a r y - n o d e c a l c u l a t i o n at 
the c o n s t a n t - p r e s s u r e r e s e r v o i r at p r e s s u r e P R E S loca t ed at junc t ion n u m b e r 
J U N ( J ) , u s ing E q s . 40 and 4 1 . E i t h e r a f i r s t - n o d e p ipe end o r a l a s t - n o d e end 
can be connec t ed to the junc t ion . 

L. Subrou t ine F A R E N D ( J ) 

T h e f a r - e n d b o u n d a r y condi t ion at junc t ion J U N ( J ) i s c a l c u l a t e d a s 
d e s c r i b e d in Sec . I I I . F . 8 . E i t h e r a f i r s t - n o d e p ipe end o r a l a s t - n o d e p ipe 
end can be a f a r - e n d junc t ion . 

M. Subrou t ine R U P D S K ( J , P R D B , P R D G , K R D ) 

The RUPDSK s u b r o u t i n e p e r f o r m s the b o u n d a r y c a l c u l a t i o n for the 
r u p t u r e d i s k wi th b u r s t p r e s s u r e P R D B l o c a t e d at junc t ion n u m b e r J U N ( J ) , 



34 

using Eqs . 44 and 45. If KRD = 0, the disk has not burs t and the junction is 
computed as a closed end. If KRD = 1, the disk has burs t previously and the 
junction is computed as a cons tant -pressure boundary at p r e s s u r e PRDG. If 
KRD = 0 and the calculated p r e s s u r e exceeds PRDB, KRD is set equal to one 
and the computation is repeated as a burs t -d isk case ; the change in KRD is 
detected in the main program, which pr ints a message giving the location of 
the burst disk and the time of rupture. The pipe end connected at the rupture 
disk can be either a f i rs t - or last-node end, 

N , Subroutine PRESSO(j,PSO) 

The subroutine PRESSO performs the boundary calculation at the p r e s ­
sure source at p r e s su re PSO and located at junction number J U N ( J ) , using 
Eqs , 46 and 47, As many as six pipes can be connected to the p r e s s u r e - s o u r c e 
junction at either node end. 

O. Subroutine P T I M E ( T , P ) 

The PTIME subroutine interpolates l inearly for source p r e s s u r e P as 
a function of time T in a table of values of p r e s s u r e P T M ( K ) at t ime T I M E ( K ) , 
where K = 1 , 2 , . , . , NOPT. The table is input originally to the main p rog ram 
and is contained in COMMON. For t imes before the f i rs t tabulated point 
T I M E ( I ) , the p r e s s u r e is set equal to the f i rs t tabulated value; i .e . , P = P T M ( I ) . 
For t imes greater than the las t tabulated point, i .e . , T > T I M E ( N O P T ) , the 
p re s su re is set equal to the last tabulated value; i .e . , P = P T M ( N O P T ) . 
PTIME is called from the "Initialization at TBEG" and "Initialization for Next 
Time Step" subsections of the main p rogram. 

V. PTA-1 INPUT REQUIREMENTS 

Card 
No. 

1 

FORTRAN 
N a m e 

N P I P E 

NOJUN 

NOTNK 

NORD 

N O P U M P 

KFRIC 

N O P T 

F o r m a t 

1615 

INC ON D 

D e s c r i p t i o n 

N u m b e r of p i p e s . 1 s N P I P E s LMAX = 100. 

N u m b e r of junc t ions . 1 s NOJUN s JMAX = 100. 

N u m b e r of s u r g e tanks . 0 s NOTNK s NTNKMX = 10. 

Number of rupture d i s k s . 0 s NORD « NRDMX = 10. 

N u m b e r of p u m p s . 0 s N O P U M P s N P M P M X = 10. 

KFRIC = 1, pipe fr ic t ion i s inc luded. 
KFRIC = 0, pipe f r i c t ion i s not inc luded . 

N u m b e r of p r e s s u r e - t i m e po ints spec i fy ing p r e s s u r e s o u r c e 
0 s NOPT s NPTMX = 50. 

INCOND = 1, in i t ia l v e l o c i t i e s and p r e s s u r e s a re input ind i ­
v idual ly for all p i p e s . 
INCOND = 0, in i t ia l v e l o c i t i e s and p r e s s u r e s a r e a l l se t to UR 
and P R , r e s p e c t i v e l y . 
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Card 
No. 

3a 

3b 

FORTRAN 
Name 

NOPRIN 

IPRIN 

NLPRN 

DT 

TBEG 

TFIN 

UR 

P R 

TEMP 

L P I P E ( L ) 

J1(L) 

JN(L) 

MAT(L) 

F o r m a t 

D(L) 

H(L) 

PLNGTH(L) 

RF(L) 

A(L) 

POI(L) 

PON(L) 

UOI(L) 

UON(L) 

5E10.5 

4I5,5EI0.5 

4E10.5 

1615 

JUN(J) 

Descript ion 

Frequency of printout . If NOPRIN = 1, r e su l t s for every t ime 
step a re pr inted; if NOPRIN = 2, r e su l t s for every second 
t ime step a re pr inted; etc . 

Detail of printout. Results a re pr inted for every IPRINth node 
of each pipe specified below. 

NLPRN = 0, resu l t s for all pipes a re printed. 
NLPRN = 6, e.g., r esu l t s for six pipes a re printed (pipe num­
ber s specified on card 5). 0 ^ NLPRN s NPIPE. 

Time s tep, seconds. 

Time at wliich calculation begins, seconds. 

Time at which calculation t e rmina t e s , seconds. 

Initial velocity, f t / sec . If INCOND = 0, initial velocit ies a re 
set to UR in all p ipes . 

Initial p r e s s u r e , ps i . If INCOND = 0, initial p r e s s u r e s a re 
set to PR in all p ipes . 

Fluid t empera tu re , °F. 

The set of cards 3a, 3b is repeated for L = I , NPIPE. 

Pipe number (a rb i t ra ry) . 

Junction number at f i rs t node of pipe. 

Junction number at las t node of pipe. 

Mater ia l number of pipe: 
MAT = 1, Type 304 s ta inless steel ; 
MAT = 2, Type 316 s ta in less steel ; 
MAT = 3, l inear elast ic and plast ic regions with elliptic 
t rans i t ion; 
MAT = 4, bi l inear s t r e s s - s t r a i n relat ion; 
MAT = 5, same as 4 with different m a t e r i a l constants ; 
MAT = 6, regid pipe wall. 

Inner d iameter of pipe, inches. 

Wall thickness of pipe, inches. 

Pipe length, feet. 

Wall roughness , inches. 

Flow a rea , in.^ If A = TTD^/4, set A = 0 and it will be com­
puted from D. 

Include cards 3b if INCOND = 1; omit if INCOND = 0. 

Initial p r e s s u r e at f i rs t node of pipe, ps i . 

Initial p r e s s u r e at las t node of pipe, ps i . 

Initial velocity at f i r s t node of pipe, f t / s ec . 

Initial velocity at las t node of pipe, f t / s ec . 

J = 1, NOJUN (eight junctions per ca rd) . 

Junction number ( a rb i t r a ry ) . 
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C a r d 
No . 

10 

F O R T R A N 
N a m e 

J T Y P E ( J ) 

LPRIN(K) 

JTANK(K) 

P T A N K ( K ) 

JRD(K) 

P R D B ( K ) 

P R D G ( K ) 

J P U M P ( K ) 

L P U M P ( K ) 

HEAD(K) 

TIME(K) 

P T M ( K ) 

F o r m a t 

1615 

I 1 0 , E 1 0 . 5 

I 1 0 , 2 E 1 0 . 5 

2 I 5 , E 1 0 . 5 

8 E 1 0 . 5 

8E10 .5 

D e s c r i p t i o n 

J u n c t i o n t y p e : 
J T Y P E = 1, s u d d e n e x p a n s i o n o r c o n t r a c t i o n ; 
J T Y P E " 3, t ee ( t h r e e to s i x b r a n c h e s ) ; 
J T Y P E = 4, p u m p ; 
J T Y P E = 6, a c o u s t i c - i m p e d a n c e d i s c o n t i n u i t y (no a r e a 
change ) o r d u m m y j u n c t i o n ; 
J T Y P E = 7, c l o s e d end ; 
J T Y P E = 8, s u r g e t ank ( c o n s t a n t - p r e s s u r e b o u n d a r y ) ; 

J T Y P E = 9, f a r end ( n o n r e f l e c t i n g ) ; 

J T Y P E = 10, r u p t u r e d i s k ; 

J T Y P E = 15, p r e s s u r e - p u l s e s o u r c e . 

K = 1, N L P R N ; o m i t if N L P R N = 0. 

P i p e n u m b e r s fo r w h i c h r e s u l t s a r e p r i n t e d . 

K = 1, NOTNK; o m i t if N O T N K = 0. 
J u n c t i o n n u m b e r to w h i c h s u r g e t ank o r c o n s t a n t - p r e s s u r e 
b o u n d a r y i s c o n n e c t e d . 

G a s p r e s s u r e of s u r g e t ank o r c o n s t a n t - p r e s s u r e b o u n d a r y , p s i . 

K = 1 , N O R D ; o m i t if N O R D = 0. 

J u n c t i o n n u m b e r t o w h i c h r u p t u r e d i s k i s c o n n e c t e d . 

B u r s t p r e s s u r e of r u p t u r e d i s k , p s i . 

G a s p r e s s u r e b e h i n d d i s k , p s i . 

K = 1, N O P U M P ; o m i t if N O P U M P = 0. 

J u n c t i o n n u m b e r t o wh ich p u m p i s c o n n e c t e d . 

P u m p - d i s c h a r g e p i p e n u m b e r . 

P u m p h e a d , p s i . 

K = 1 , N O P T ; o m i t if N O P T = 0. 

T i m e s for w h i c h s o u r c e - p u l s e d a t a a r e i npu t , s e c o n d s . 

K = 1, N O P T ; o m i t if N O P T = 0. 

S o u r c e - p u l s e p r e s s u r e a t t i m e T I M E ( K ) , p s i . 

The v a l u e s of LMAX, JMAX, NTNKMX, NRDMX, N P M P M X , and 
NPTMX, which a r e given in p r e s c r i b i n g l i m i t s on input da t a on c a r d 1, a r e 
t hose conta ined in the l i s t ed v e r s i o n of P T A - 1 . (See Sec . VII for i n fo rma t ion 
on i n c r e a s i n g t h e s e l i m i t s to a c c o m m o d a t e a l a r g e r p ipe n e t w o r k or d e c r e a s i n g 
t h e m to c o n s e r v e c o r e s t o r a g e . ) 

If INCOND = 0, the in i t ia l v e l o c i t i e s and p r e s s u r e s t h roughou t the 
s y s t e m a r e a l l se t to URand P R , r e s p e c t i v e l y , w h e r e UR and P R a r e input 
on c a r d 2. C a r d s 3b a r e omi t t ed in th i s c a s e . If INCOND = 1, in i t i a l v e l o c ­
i t i e s and p r e s s u r e s at the f i r s t and l a s t nodes of each p ipe a r e input on c a r d s 3b, 
In i t ia l v e l o c i t i e s and p r e s s u r e s at i n t e r m e d i a t e nodes a r e then c o m p u t e d in the 
p r o g r a m , us ing l i nea r i n t e rpo la t i on be tween the end-node v a l u e s . 

P ipe and junct ion n u m b e r s m a y be a s s i g n e d a r b i t r a r i l y , and e i t h e r 
end of a pipe m a y be des igna t ed a s the f i r s t - n o d e end. 
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T h e d i a m e t e r D and flow a r e a A of each p ipe a r e input i ndependen t ly 
on c a r d s 3a to a c c o m m o d a t e the mode l i ng of a componen t w h e r e A ^ •u'D^/A. 
The d i a m e t e r is u s e d in comput ing d e f o r m a t i o n r e s p o n s e t h rough the r a t i o 
H / D and p i p e - f r i c t i o n l o s s e s , and the a r e a i s used in comput ing junc t ion con­
d i t ions a t t e e s , p u m p s , and sudden e x p a n s i o n s o r c o n t r a c t i o n s . An input of 
A = 0 wi l l r e s u l t in the a r e a being computed f r o m A = TTD^/4. 

If KFRIC = 0 on c a r d 1, i . e . , p ipe f r i c t ion i s not inc luded in the p r o b ­
l e m , it i s not n e c e s s a r y to input v a l u e s of p ipe r o u g h n e s s R F ( L ) on c a r d s 3a. 

VI. DIAGNOSTIC MESSAGES 

The d i a g n o s t i c m e s s a g e s p r i n t e d by P T A - 1 a r e l i s t e d in t h i s s ec t i on 
along wi th s o m e e x p l a n a t i o n s of t h e i r i m p l i c a t i o n s . 

"ERROR IN N U M B E R O F P I P E S " 

The input va lue on c a r d 1 of the n u m b e r of p i p e s N P I P E in the s y s t e m 
is l e s s than one o r g r e a t e r than LMAX, w h e r e LMAX = 100 in the l i s t e d 
v e r s i o n of P T A - 1 . 

" E R R O R IN N U M B E R O F JUNCTIONS" 

The input va lue on c a r d 1 of the n u m b e r of junc t ions NOJUN in the 
s y s t e m i s l e s s than one or g r e a t e r than JMAX, w h e r e JMAX = 100 in the 
l i s t ed v e r s i o n of P T A - 1 . 

"ERROR IN N U M B E R O F TANKS" 

T h e input v a l u e on c a r d 1 of the n u m b e r of c o n s t a n t - p r e s s u r e s u r g e 
t anks NOTNK in the s y s t e m is nega t ive o r g r e a t e r than NTNICMX, w h e r e 
NTNKMX = 10 in the l i s t e d v e r s i o n of P T A - 1 . 

"NOTNK = 0 AND JUNCTION xxx IS A SURGE TANK" 

The input v a l u e on c a r d 1 of NOTNK = 0 i n d i c a t e s tha t t h e r e a r e no 
s u r g e t anks in the s y s t e m , but junc t ion n u m b e r xxx is ident i f ied a s type 8 
( s u r g e - t a n k junct ion) on c a r d 4, 

"NO TANK DATA INPUT F O R JUNCTION xxx" 

J u n c t i o n n u m b e r xxx i s ident i f ied a s type 8 ( s u r g e - t a n k junct ion) on 
c a r d 4 , bu t no s u r g e - t a n k da t a have been input on c a r d 6 for t h i s junc t ion . 

" E R R O R IN N U M B E R O F R U P T U R E DISKS" 

T h e input va lue on c a r d 1 of the n u m b e r of r u p t u r e d i s k s NORD in 
the s y s t e m i s n e g a t i v e o r g r e a t e r than NRDMX, w h e r e NRDMX = 10 in the 
l i s t e d v e r s i o n of P T A - 1 , 
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"NORD = 0 AND JUNCTION xxx IS A R U P T U R E DISK" 

The input va lue of NORD = 0 on c a r d 1 i nd i ca t e s tha t t h e r e a r e no 
r u p t u r e d i s k s in the s y s t e m , but junc t ion n u m b e r xxx is type 10 ( r u p t u r e - d i s k 
junct ion) on c a r d 4. 

"NO R U P T U R E DISK DATA INPUT FOR JUNCTION xxx" 

Junc t ion n u m b e r xxx is identif ied as type 10 ( r u p t u r e - d i s k junct ion) on 
c a r d 4, but no r u p t u r e - d i s k da ta have been input on c a r d 7 for th i s j unc t i on . 

"ERROR IN NUMBER OF P U M P S " 

The input value on c a r d 1 of the n u m b e r of p u m p s N O P U M P in the s y s ­
t e m is negat ive or g r e a t e r than N P M P M X , w h e r e N P M P M X = 10 in the l i s t ed 
v e r s i o n of P T A - 1 . 

" P U M P DISCHARGE P I P E NUMBER IS INCORRECT J P U M P = xxx , 
L P U M P = yyy" 

On c a r d 8, a pump is loca ted at junct ion n u m b e r xxx having d i s c h a r g e 
pipe n u m b e r yyy. Th i s e r r o r m e s s a g e r e s u l t s if e i t h e r (l) no p ipe n u m b e r 
yyy o c c u r s in the s y s t e m , as ev idenced by the v a l u e s of L P I P E on c a r d s 3a, 
o r (2) pipe n u m b e r yyy i s not connec ted to junct ion n u m b e r xxx , which i s 
d i s c o v e r e d by c o m p a r i n g junc t ion n u m b e r xxx with the junc t ion n u m b e r s J 1 ( L ) 
and J N ( L ) a s s o c i a t e d with pipe n u m b e r L P I P E ( L ) = yyy on c a r d 3a. 

"NOPUMP = 0 AND JUNCTION xxx IS A P U M P " 

The input value on c a r d 1 of NOPUMP = 0 ind ica t e s tha t t h e r e a r e no 
p u m p s in the s y s t e m , but junc t ion n u m b e r xxx is type 4 (pump junct ion) on 
c a r d 4. 

"NO P U M P DATA INPUT FOR JUNCTION xxx" 

Junc t ion n u m b e r xxx is identif ied a s type 4 (pump junct ion) on c a r d 4, 
but no pump da ta on c a r d 8 have been input for th i s junc t ion . 

"ERROR IN NUMBER OF PRESSURE SOURCE DATA POINTS" 

The input va lue on c a r d 1 of the nunnber of p r e s s u r e - s o u r c e da ta po in t s 
NOPT is negat ive or g r e a t e r than N P T M X , w h e r e NPTMX = 50 in the l i s t e d 
v e r s i o n of P T A - 1 . 

"NO INPUT PRESSURE PULSE ( N O P T = O) AT SOURCE JUNCTION xxx" 

The input va lue on c a r d 1 of NOPT = 0 i nd i ca t e s that t h e r e is no 
p r e s s u r e - p u l s e s o u r c e in the s y s t e m , but junc t ion n u m b e r X.KX is type IS 
( p r e s s u r e - p u l s e sou rce ) on c a r d 4. 
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" I N C O R R E C T P I P E ARRANGEMENT AT JUNCTION xxx , J T Y P E = yyy" 

T h i s m e s s a g e is p r i n t e d when the n u m b e r of p i p e s connec ted at j u n c ­
t ion n u m b e r xxx i s i n a p p r o p r i a t e for the a s s o c i a t e d junc t ion type yyy given on 
c a r d 4 . In p a r t i c u l a r , it o c c u r s when m o r e o r l e s s than one p ipe i s connec ted 
to a s ing le p ipe b o u n d a r y ; m o r e or l e s s than two p i p e s a r e connec ted at a two-
pipe j unc t ion ; o r m o r e t han NBRMX p i p e s a r e connec ted at a m u l t i p i p e junc t ion , 
w h e r e NBRMX = 6 in the l i s t e d v e r s i o n of P T A - 1 . 

"INVALID JUNCTION T Y P E , JUN = xxx , J T Y P E = yyy" 

The junc t ion type yyy a s s o c i a t e d wi th junc t ion n u m b e r xxx on c a r d 4 
does not c o r r e s p o n d to a p e r m i s s i b l e junc t ion type , 

" P I P E S C O N N E C T E D AT JUNCTION xxx HAVE D I F F E R E N T AREAS, 
J T Y P E = 6" 

A c c o r d i n g to c a r d 4 , junc t ion n u m b e r xxx i s junc t ion type 6 ( a c o u s t i c -
i m p e d a n c e d i s c o n t i n u i t y o r d u m m y junc t ion) , but the p ipes connec ted t h e r e 
have d i f fe ren t a r e a s . The junc t ion p r o b a b l y should be type 1 ( sudden e x p a n ­
sion o r c o n t r a c t i o n junc t ion) . 

"NNODE.GT.IMAX F O R P I P E NO. x x x - - R E S E T DT = yyy TO DT = z z z " 

F o r the input t i m e s t ep of DT = yyy on c a r d 2, the computed n u m b e r 
of nodes NNODE for p ipe n u m b e r xxx e x c e e d s IMAX, w h e r e IMAX = 100 in 
the l i s t e d v e r s i o n of P T A - 1 . The t i m e s tep h a s been i n c r e a s e d to DT = zzz , 
and p r o b l e m execu t ion i s cont inued. 

"CUMX = xxx IS G R E A T E R THAN F A C T 2 " 

CUMX > F2 ( s ee Sec . I I I .C) , w h e r e CUMX is the m a x i m u m va lue of 
(c + l u l ) / c o c c u r r i n g in the s y s t e m . Since n u m e r i c a l i n s t ab i l i t y i s l ike ly 
to r e s u l t , the e n d - o f - p r o b l e m p r i n t o u t s a r e w r i t t e n and execu t ion i s 
t e r m i n a t e d . 

i '*****DT IS D E C R E A S E D TO xxx*****" 

F , ^ CUMX ^ F2 ( s e e Sec . I I I .C) , w h e r e CUMX is the m a x i m u m va lue 
of (c + | u | ) / c o c c u r r i n g in the s y s t e m . Since the C o u r a n t - F r i e d r i c h s - L e w y 
c r i t e r i o n m a y be v io l a t ed if the c u r r e n t t i m e s tep i s u sed for subsequen t 
c o m p u t a t i o n s , DT i s d e c r e a s e d to xxx and execu t ion i s cont inued . 

" N U M B E R O F PLASTIC P I P E S E X C E E D S N P L M X " 

T h e n u m b e r of p i p e s in the s y s t e m tha t have e x p e r i e n c e d s o m e p l a s t i c 
d e f o r m a t i o n e x c e e d s N P L M X , w h e r e N P L M X = 10 in the l i s t e d v e r s i o n of 
P T A - 1 . S ince the s t o r a g e a l l o c a t i o n s for p l a s t i c i t y - r e l a t e d quan t i t i e s a r e 
c o n s i s t e n t wi th N P L M X , e n d - o f - p r o b l e m p r i n t o u t s a r e w r i t t e n and execu t ion 
i s t e r m i n a t e d . 
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"NO CONVERGENCE IN PLASTIC ITERATION FOR P I P E NO. xxx , I = yyy, 
TIME = zzz SEC" 

The i t e r a t i v e p r o c e d u r e for ca l cu la t ing p r e s s u r e and v e l o c i t y in a 
p l a s t i c a l l y de fo rming pipe does not c o n v e r g e at node n u m b e r yyy of p ipe n u m ­
ber L P I P E = xxx at t i m e zzz . E n d - o f - p r o b l e m p r i n t o u t s a r e w r i t t e n , and 
execut ion is t e r m i n a t e d . 

"NO CONVERGENCE IN PLASTIC ITERATION AT JUNCTION xxx , 
TIME = yyy SEC" 

The i t e r a t i v e p r o c e d u r e for ca l cu l a t i ng p r e s s u r e and ve loc i t y in a 
p l a s t i c a l l y de forming pipe does not conve rge at junc t ion n u m b e r xxx at t i m e 
yyy. E n d - o f - p r o b l e m p r i n t o u t s a r e w r i t t e n , and execu t ion i s t e r m i n a t e d . 

" INCORRECT MATERIAL NUMBER, MAT = xxx" 

This m e s s a g e is w r i t t e n by the m a t e r i a l s - p r o p e r t y s u b r o u t i n e M T P R P 
and ind i ca t e s that m a t e r i a l type n u m b e r xxx is ou t s ide the p e r m i s s i b l e 
r ange 1-6. 

"NO CONVERGENCE IN INTRP ITERATION L P I P E = xxx , I = yyy, K = z" 

Th i s m e s s a g e is w r i t t e n by the i n t e r p o l a t i o n sub rou t ine I N T R P and 
ind ica t e s that the in t e rpo la t ion p r o c e d u r e at node n u m b e r yyy of p l a s t i c a l l y 
de forming pipe n u m b e r xxx does not c o n v e r g e . If K = 1, the i n t e r p o l a t i o n 
is along the C"*" c h a r a c t e r i s t i c (point A of F i g s . 1 and 2); if K = 2, the i n t e r ­
po la t ion i s along the C~ c h a r a c t e r i s t i c (point B of F i g s . 1 and 2). 

"NO CONVERGENCE IN FRICTION TERM FOR L P I P E = xxx, VELOCITY = yyy" 

Th i s m e s s a g e is w r i t t e n by the f r i c t i o n - t e r m sub rou t ine F R C T R M and 
ind ica tes that t h e r e i s no c o n v e r g e n c e in the i t e r a t i v e compu ta t i on of the p ipe 
f r ic t ion fac tor for pipe n u m b e r xxx at ve loc i ty yyy. 

"AREACH SUBROUTINE--SQUARE ROOT HAS NEGATIVE ARGUMENT AT 
JUNCTION xxx" 

This m e s s a g e is p r i n t ed by the a r e a - c h a n g e junc t ion sub rou t ine and 
ind ica te s tha t the s q u a r e - r o o t t e r m in E q s . 31 h a s a nega t ive a r g u m e n t for 
junc t ion n u m b e r xxx. 

VII. ALTERATIONS TO PROGRAM STORAGE 

The s t o r a g e a l l o t m e n t s in the l i s t ed v e r s i o n of P T A - 1 a r e c o n s i s t e n t 
with l i m i t a t i o n s given in Table II and d e t e r m i n e the c o m p l e x i t y of the piping 
ne twork which can be ana lyzed . The v a l u e s of LMAX, JMAX, e t c . , g iven in"̂  
Tab le II, a r e p r e s c r i b e d in DATA s t a t e m e n t s in the m a i n p r o g r a m ; ' a n d a r r a y s 
in COMMON and DIMENSION s t a t e m e n t s in the m a i n p r o g r a m and s u b r o u t i n e s 
a r e s ized in a c c o r d a n c e with t hem. 
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T A B L E II. S t o r a g e L i m i t s 

N a m e D e s c r i p t i o n Value 

LMAX M a x i m u m n u m b e r of p i p e s 100 

JMAX M a x i m u m n u m b e r of j unc t ions 100 

IMAX M a x i m u m n u m b e r of nodes p e r pipe 100 

NBRMX M a x i m u m n u m b e r of p ipes connec ted a t a m u l t i -

b r a n c h junc t ion 6 

N P L M X M a x i m u m n u m b e r of p l a s t i c a l l y de fo rming p ipes 10 

N P T M X M a x i m u m n u m b e r of p r e s s u r e - t i m e input po in t s 50 

NTNKMX M a x i m u m n u m b e r of c o n s t a n t - p r e s s u r e s u r g e t anks 10 

NRDMX M a x i m u m n u m b e r of r u p t u r e d i sks 10 

N P M P M X M a x i m u m n u m b e r of p u m p s 10 

A r r a y s i z e s can be a l t e r e d e i t h e r to i n c r e a s e the complex i ty and s i z e 
of the piping n e t w o r k being a n a l y z e d o r to r e d u c e c o r e - s t o r a g e r e q u i r e m e n t s . 
The changes in COMMON and DIMENSION s t o r a g e a l l oca t i ons c o m p a t i b l e wi th 
changes in the l i m i t s LMAX, JMAX, e t c . , a r e d i s c u s s e d below. 

A. A r r a y S i z e s in COMMON S t a t e m e n t s 

The s h a r i n g s of n u m b e r e d c o m m o n b locks be tween the m a i n p r o g r a m 
and s u b r o u t i n e a r e l i s t e d in Tab le I. The COMMON s t a t e m e n t s , wi th l i m i t 
n a m e s s u b s t i t u t e d for n u m e r i c a l v a l u e s in the s t o r a g e a l l o c a t i o n s , a r e : 

C O M M O N / R l / A(LMAX),C(LMAX),DZ(LMAX),D(LMAX) 
P( LMAX,IMAX,2) ,U(LMAX,IMAX,2) ,LJ1( JMAX,NBRMX), 
LJN( JMAX,NBRMX),ML1( JMAX),MLN( JMAX), 
LPIPE(LMAX) , JUN( JMAX),NNODE(LMAX),DENS,DT 

C O M M O N / R 2 / RF(LMAX),VISC,KFRIC 

C O M M O N / R 3 / T E M P , C O 

C O M M O N / R 4 / PMX(NPLMX,IMAX),KPLAS(LMAX),HOD(LMAX), 
MAT(LMAX) ,PY(LMAX) ,CPX(NPLMX) ,MPX(NPLMX) 

C O M M O N / R 5 / N O P T , T I M E f N P T M X ) , P T M ( N P T M X ) 

B. A r r a y S i z e s in DIMENSION S t a t e m e n t s 

The DIMENSION s t a t e m e n t s in the m a i n p r o g r a m and s u b r o u t i n e s a r e 
a s fo l lows , wi th l i m i t n a m e s s u b s t i t u t e d for n u m e r i c a l v a l u e s in the s t o r a g e 
a l l o c a t i o n s . 
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1. Main P r o g r a m 

DIMENSION PLNGTH( LMAX),H( LMAX) 

DIMENSION LPRIN( LMAX), PMAX^ LMAX), TMAX( LMAX) 

DIMENSION P 0 1 ( L M A X ) , P 0 N ( L M A X ) , U 0 1 ( L M A X ) , U 0 N ( L M A X ) 

DIMENSION J T Y P E ( JMAX), J l f LMAX), JN(LMAX) 

DIMENSION L P L P ( N P L M X ) , P P I J ( N P L M X ) ,UPI J ( N P L M X ) 

DIMENSION PTANK(NTNKMX),JTANK(NTNKMX) 

DIMENSION PRDB(NRDMX), PRDG(NRDMX) ,KRD(NRDMX), 
JRD(NRDMX),TRD(NRDMX) 

DIMENSION J P U M P ( N P M P M X ) , L P U M P ( N P M P M X ) , 
HEAD(NPMPMX), L L P M P ( N P M P M X ) 

2. Subrou t ine M T P R P 

DIMENSION E(6) ,SY(6) ,KPR(6) ,EPSY(6) ( C o m p a t i b l e wi th n u m b e r 
of m a t e r i a l r e p r e s e n t a t i o n s ) 

3. Subrout ine F L P R P 

None. 

4. Subrout ine I N T R P 

None. 

5. Subrout ine F R C T R M 

None. 

6. Subrout ine AREACH 

None. 

7. Subrout ine T E E 

DIMENSION UA(NBRMX),UBfNBRMX),PA(NBRMX),PB(NBRMX), 
CA(NBRMX),CB(NBRMX),GA(NBRMX),GB(NBRMX) 

8. Subrou t ine P U M P 

DIMENSION UA(NBRMX),UB(NBRMX),PA(NBRMX),PB(NBRMX). 
CA(NBRMX),CB(NBRMX),GA(NBRMX),GB(NBRNLX) 
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9. Subroutine IMPED 

None. 

10. Subroutine CLOSED 

None. 

11. Subroutine CONSTP 

None. 

12. Subroutine FAREND 

None. 

13. Subroutine RUPDSK 

None. 

14. Subroutine PRESSO 

None. 

15. Subroutine PTIME 

None. 
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APPENDIX A 

Sample P r o b l e m 

The following s a m p l e p r o b l e m is inc luded to i l l u s t r a t e input r e q u i r e ­
m e n t s for P T A - 1 and to d e m o n s t r a t e the effect of p l a s t i c d e f o r m a t i o n on 
pu l s e p ropaga t ion . 

Cons ide r the s imp le piping ne twork shown in F ig . 4. E n c i r c l e d n u m b e r s 
a r e the pipe ident i f ica t ion n u m b e r s ; the nota t ion 18" , 50' m e a n s tha t the p ipe i s 
18 in. in d i a m e t e r and 50 ft long; and the nota t ion (10,3) i n d i c a t e s t ha t junc t ion 
n u m b e r 10 i s type 3, i . e . , a tee junct ion. Junc t ions 1 and 2 could have been 

a s s i g n e d the s a m e n u m b e r s ince 
they a r e both connec ted to the 
s o u r c e . The 18-in. p i p e s have a 
0 .438- in . w a l l t h i c k n e s s , and the 
wal l of the 24- in . pipe i s 0.562 in. 
th ick . All p ipes a r e m a d e of 
Type 304 s t a i n l e s s s t e e l (MAT = 

AREND ^) ^'^^ have a w a l l r o u g h n e s s of 
13,9) 0.005 in. The sod ium coo lan t i s 

at 700°F and i s in i t i a l ly at r e s t 
unde r 100-ps i p r e s s u r e . The 
r u p t u r e d i sk at junc t ion 11 h a s 
a b u r s t p r e s s u r e of 300 p s i , with 
a 15 -ps i r e s e r v o i r behind it. 

SOURCE ^ 
(1,15) • 

SOURCE_ 
(2,15) • 

o 
18", 50' 

® 
18", 50' 

RUPTURE DISK 
(11,10) 

®1 

© 

TEE , 
(30 ,3) 

© 

1 

®] 

1 
18", 5' 

» TEE (10,3) 

18", 25' 

1 ® 
24",25' 

I8",25' 

» TEE(20,3) 
18",5' 

m 

CLOSED END 
(21,7) 

Fig. 4. Piping Network for Sample Problem 

F i g u r e 5 shows the input 
da ta for the s a m p l e p r o b l e m : 
A t r i a n g u l a r p r e s s u r e pu l s e having 

a r i s e to 1100 ps i in 10 m s e c , followed by a decay to 100 p s i in an add i t i ona l 
40 m s e c , i s specif ied. The t i m e s t ep i s 0.5 m s e c , and the t r a n s i e n t i s in i t i a t ed 
at t = 0 and followed to t = 75 m s e c . R e s u l t s for e v e r y o t h e r a x i a l node of 
each pipe a r e p r in t ed for e v e r y fifth t i m e s tep . C r o s s - s e c t i o n a l a r e a s of the 
p ipes a r e not input s ince they can be ca lcu la t ed f r o m the d i a m e t e r s . C a r d s 3b 
a r e omi t t ed b e c a u s e in i t i a l v e l o c i t i e s and p r e s s u r e s a r e the s a m e for a l l p i p e s ; 
C a r d 5 is omi t t ed b e c a u s e r e s u l t s a r e p r i n t e d for a l l p i p e s ; and C a r d s 6 and 8 
a r e omi t t ed b e c a u s e t h e r e a r e no s u r g e t anks o r p u m p s in the s y s t e m . 

The computa t ion i n d i c a t e s that the r u p t u r e d i sk b u r s t at 12 m s e c aind 
p ipes 1 ,4 , 5, and 6 de fo rmed p l a s t i c a l l y dur ing the t r a n s i e n t . F i g u r e s 6 and 7 
give the p r e s s u r e h i s t o r i e s at the t ee at junc t ion 20 and the n o n r e f l e c t i n g end 
at junc t ion 3, r e s p e c t i v e l y . The s o u r c e pu l se i s a l so shown on F ig . 6. 

To d e m o n s t r a t e the effect of p l a s t i c d e f o r m a t i o n on t r a n s i e n t r e s p o n s e , 
the s a m e p r o b l e m w a s run with a l l p ipes m a d e of m a t e r i a l 5, which h a s the 
s a m e e l a s t i c modu lus a s Type 304 s t a i n l e s s s t e e l but does not d e f o r m p l a s ­
t i ca l ly at s y s t e m p r e s s u r e s . The dashed c u r v e s on the f i g u r e s show the r e ­
sul t ing e l a s t i c r e s p o n s e . 
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Fig. 5. Input Data for Sample Problem 
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MAT = I (TYPE 304 SS) 

SOURCE PULSE 

.010 .020 .030 .040 

T IME, sec 

.050 .060 .070 

Fig. 6. Pressure History at Junction 20 and Source Pulse at Junctions 1 and 2 
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MAT = 5 

• MAT= I (TYPE 304 SS) 

0.01 0.02 0.03 0.04 

TIME, sec 

0.05 0.06 0.07 

Fig. 7. Pressure History at Junction 3 
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The depar ture from l ineari ty of the s t r e s s - s t r a i n curve for Type 304 
stainless steel occurs at p r e s s u r e s of about 500 psi for pipes of the given 
dimensions. The leading edge of the pulse up to this p r e s s u r e is consequently 
unaffected by plast ic deformation. Since the burs t p r e s s u r e of the rupture 
disk is less than the yield p r e s s u r e , the disk burs ts at the same t ime for both 
problems. The effect of plast ic deformation is to lower the peak p r e s s u r e at 
junction 20 by about 300 psi and to low^er the peak p r e s s u r e at junction 3 by 
about 200 psi . The peaks are also delayed. 

Note that negative p r e s s u r e s a re computed at la ter t imes , indicating 
that cavitation w^ould occur in the system. Subsequent vers ions of the PTA code 
will t r ea t the effects of cavitation on t ransient propagation. 
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APPENDIX B 

Listing of PTA-1 

C 
C 
C <<•<>**«<.-•**•*****•***•*•••**•••*•*••••«•**•****•*•**»•**<•***•*•**•••**•**••* 

C * PTA-1 PROGh'AM * 
C * PRESSURE TRANSIENT ANALYSIS * 
C « THE METHOD OF CHARACTERISTICS IS USED FOR PRESSURE TRANSIENT * 
C * ANALYSIS IN HYDRAULIC NETWORKS FOR ARBITRARY PRESSURE SOURCE. • 
C * THE PROGRAM CONSIDERS COMPLETE ONE-DIMENSIONAL EQUATIONS * 
C * INCLUDING NONLINEAR CONVECTIVE TERMS AS IN THE PROGRAM * 
C * NATRANSIENT (Y.W. SHIN, ANL-8049). THE EFFECT OF PLASTIC * 
C * PIPL DEFORMATION ON PULSE PROPAGATION IN THE FLUID IS * 
C * ACCOUNTED FOR AS IN THE PROGRAM PLWV IC.K. YOUNGDAHL AND • 
C * C A . KOT, ANL-75-5). * 
C * C.K. YOUNGDAHL - OCTOBER 1976 * 
C *lit**«*««:**<(«««««#««*<i*«*«*« *•*****•«*••»•*••*•*•••<:•* «•**«***•»***••••**«•« 
C 
C 
C*************««***«*«***«***** MAIN PROGRAM *****•*•*•*•**«*•«***»••*****••** 
C 
C 
C *.[;*#<!*«**;*«•****** PARTIAL LISTING OF INPUT DATA •*••**»****•****»******•*• 
C * NPIPE - NUMBER OF PIPES • 
C * NOJUN - NUMBER OF JUNCTIONS * 
C * NUTNK - NUMBER OF CONSTANT PRESSURE TANKS * 
C * NuRD - NUMBER OF RUPTURE DISKS * 
C * NOPUMP - NUMBER OF PUMPS * 
C « KFRIC - IF KFRIC = 0, INVISCID ANALYSIS * 
C * IF KFRIC = 1, PIPE FhlCTION IS INCLUDED • 
C * NOPT - NUMBER OF DATA POINTS FOR PRESCRIBED PRESSURE SOURCE * 
C * INCOND - IF INCOND = 1, INITIAL CONDITIONS ARE INPUT INDIVIDUALLY • 
C * NOPRIN - FREQUENCY OF PRINTOUT * 
C * IPRIN - PARAMETER SPECIFYING DETAIL OF PRINTOUT FOR EACH PIPE * 
C • NLPRN - NUMBER OF PIPES FOR WHICH RESULTS ARE PRINTED » 
C * IF NLPRN = 0, RESULTS ARE PRINTED FOR ALL PIPES * 
C * DT - TIME STEP IN SECONDS « 
C * TBEG - TIME AT WHICH CALCULATION BEGINS, SECONDS « 
t * TFIN - FINAL TIME AT WHICH CALCULATION TEKMINATES, SECONDS * 
C « UR - INITIAL VELOCITY IN FT/SEC * 
C * PR - INITIAL PRESSURE IN PSI * 
C * TEMP - SYSTEM TEMPERATURE IN DEGREES FAHRENHEIT • 
C * JTANK - JUNCTION TO WHICH TANK IS CONNECTED • 
C * PTANK - CONSTANT PRESSURE AT TANK, PSI « 
C * JRD - JUNCTION TO WHICH RUPTURE DISK IS CONNECTED » 
C « PRDB - aURST PRESSURE OF RUPTURE DISK, PSI » 
C * PRDG - GAS PRESSURE BEHIND DISK, PSI • 
C * JPUMP - PUMP JUNCTION NUMBER » 
C * LPUMP - PUMP DISCHARGE PIPE NUMBER , 
C * HEAD - PUMP HEAD, PSI , 
c **********«*«****«***************«*********•*•*»«•••••••<.«^^^»»^^^,,^^^^,^^ 

C «•«*««*#««««•***** DEFINITIONS OF JUNCTION TYPE NUMBERS *•**•••**»•«»•••••• 
C * 1 - SUUDFN EXPANSION OR CONTRACTION » 
C * 3 - TEE JUNCTION (3 TO 6 PFANCHESI, NO LOSSES * 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

* 
* 
* 
* 
* 
* 
* 
* 

4 
6 
6 
7 
8 
9 

10-
15 

PUMP JUNCTION 
ACOUSTIC-IMPEDANCE DISCONTINUITY (NO AREA CHANGE) 
DUMMY JUNCTION 
CLOSED END 
CONSTANT PRESSURE BOUNDARY (SIMPLE SURGE TANK) 
FAR END (NONREFLECTING) 
RUPTURE DISC (INSTANTANEOUS-CONSTANT PRESSURE) 
PRESSURE SOURCE JUNCTION 

* 
* 
* 

* 
* 
* 

4c4:4c4: 4::(:«««<:*«: 4" ««<= «4i *«<:* 4:4:4::(< * *<'4:***«<<*«<'<:4:«***«**4:41 ̂ ^t^^^i^^^: ***««**•<<*:<'<• <<**** 

COMMON /Kl/ 

COMMON 
COMMON 
COMMON 

/R2/ 
/R3/ 
/R4/ 

1 

A(100),C(100),DZ( 100),D(100),P(100,100,2)t 
U d O O , 100,2),LJ1( 100,6), LJN (100, 6) , ML 1(100) , MLN (100) , 
LPIPE(100),JUN(100),NNODE(100),DENS,OT 
RF(IOO),VISC,KFRIC 
TEMP,CO 
PMXdO, 100) , KPLAS 1100), HOD (100) ,MAT( 100),PY(100), 
CPX(10),MPX(10) 

COMMON /R5/ NDPT,TIME(50),PTM(50) 

DIMENSION PLNGTH(IOO),H(100) 
DIMENSION LPRIN(100),PMAX(100),TMAX(100) 
DIMENSION POl(lOO),PON(100),U01(100),UON(100) 
DIMENSION JTYPE(100),J 1(100),JN{100) 
DIMENSION LPLP(IO),PPIJ(10),UPIJ(10) 
DIMENSION PTANK(IO),JTANK(10) 
DIMENSION PRDB(10),PRDG(10),KRD(10),JRD(10),TRD(10) 
DIMENSION JPUMP(10),LPUMP(10).HEAD(10),LLPMP(10) 

C 
DATA JMAX/100/,LMAX/100/,I MAX/100/,NPTMX/50/ 
DATA NTNKMX/10/,NRDMX/10/,NPLMX/10/,NBRMX/6/,NPMPMX/10/ 
DATA KIN,K0UT/5,6/,Kl,K2/l,2/,EPSI/0.0001/ 
DATA FACT1,FACT2/1.03,1.10/,AFAC,XFAC/144.0,12.0/ 

C 

c 

C 
INPUT ************************************ 

c**** 

c**** 

c**** 

5 
c**** 

c**** 

c**** 

READ 
READ 
< 
IF (1 
IF ( 
READ 
READ 
READ 
DO 5 
READ 
< 1 
IF( 11 
CQNT 
READ 
READ 
READ 
IF II 
READ 
IF(M 

PROBLEM AND CONTROL CONSTANTS 
(KIN,900) NPIPE, NOJUN,NOTNK,NOPD,NOPUMP,KFRIC,NOPT, 
INCOND,NOPRIN,IPRIN,NLPRN 
N P I P E . G T . L M A X . O R . N P I P E . L T . 1 ) GO TO 800 

NOJUN.GT.JMAX.OR.NOJUN.LT.1) GO TO 805 

PROBLEM PARAMETERS 
(KIN,901) DT,TBEG,TFIN,UR,PR,TEMP 
PIPE DESCRIPTIONS 
L = l,NPIPE 

(KIN,905) LPIPE(L),J1(L),JN(L),MAT(L),D(L),H(L),PLNGTH(L), 
RF(L) ,A(L) 
NCUND.EO.l) READ(KIN,90I) POl(L),PON(L),U01IL),UON(L) 
INUE 
JUNCTION DESCRIPTIONS 

I KIN, 900)(JUN(J),JTYPE(J),J=1,N0JUN) 
PIPE NUMBERS FOP WHICH RESULTS APE PRINTED 

NLPRN.GT.O) READ(KIN,900) (LPRINIK),K=l,NLPRN) 
CONDITIONS FOR CONSTANT PRESSURE TANKS 

UTNK.GT.NTNKMX.OR.NOTNK.LT.O) GO TO 810 

http://NPIPE.GT.LMAX.OR.NPIPE.lt
http://JMAX.OR.NOJUN.lt
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IFINUTNK.GT.O) READ IKIN,910) (JTANKIK),PTANK(K),K=I,NOTNK) 
C**** HEAD CONDITIONS FOR RUPTURE DISKS 

IFINORD.GT.NRDMX.OR.NORD.LT.O) GO TO 815 
IFINUPD.EQ.O) GU TO 15 
DO 10 K=l,NORD 
REAU|KIN,911) JRDIK),PRDBIK),PRDGIK) 

10 KRD(K)=0 
C**** RtAD DATA FOR PUMPS 

15 IF(NOPOMP.GT.NPMPMX .OP. NOPUMP.LT.O) GO TO 820 
IF(NOPUMP.EO.O) GO TO 25 
DO 19 K=l,NOPUMP 
RFAU(KIN,912) JPUMPIK),LPUMP IK),HEADIK) 
DO 16 L=l,NPIPE 
IFILPIPE(L).EO.LPUMP(K) ) GO TO 17 

16 CONTINUE 
GO TO 822 

17 LLPMP(K)=L 
IFIJIIL).NE.JPUMPIK) .AND. JNIL ) .NE.JPUMPIK)) GO TO 822 

19 CONTINUE 
C**** RtAD PRESSURE SOURCE DATA 

25 IF(NUPT.GT.NPTMX.OR.NOPT.LT.O) GO TO 828 
IF(NOPT.EO.O) GO TO 26 
READ(KIN,901) ITI ME IK),K=1,NOPT) 
READIKIN,901) IPTMIK),K=l,NOPT) 

26 CONTINUE 
C 
C 
C************************ COMPUTE PROBLEM PARAMETERS •••*•*•••••**•*«*****»*•« 
C 
C**** CALCULATE SPECIFIC WEIGHT, DENSITY, VISCOSITY, SOUND SPEED 

CALL FLPRPISPWT,DENS,VISC,CO) 
C**** COMPUTE AREAS NOT GIVEN AS INPUT 

DO 100 L=1,NPIPF 
IF(A(L) .GT. 0.0001) GO TO 100 
AIL)=3.1tl59265*DIL)**2/4.0 

100 CONTINUE 
C**** WAVE SPEED FUR ELASTIC PIPE DEFORMATION AND PIPE YIELD PRESSURE 

DO 105 L=l,NPIPE 
HODIL)=HIL)/DIL) 
CALL ELPRPIMATIL).HODIL),PYIL ) ,C(L)) 

105 CONTINUE 
C**** DETERMINE DZIL) AND NNOOE(L) IN EACH PIPE 

110 DO 114 L=l,NPIPE 
ZMi=FACTl*C(L)*DT 
ZM2=FACT2*C(L)*0T 
NIM=PLNGTH(L)/ZMH-0.5 
IFINIM .EO. 0) NIM=1 
NN0DE(L)=NIM+1 
IFINNODEID.LE. IMAX) GO TO 112 

C**** RECALCULATE DT TO SATISFY NNODE(L) .LE. IMAX 
DTT=2.*DT 
GO TO 870 

111 DT=DT1 
GO TO 110 

C**** CALCULATE DZIL) 
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112 OZ(L)=PLNGTH(L)/NIM 
IF (0Z(L) .LT. ZMl) DZ(L)=ZM1 
IF (DZ(L) .GT. ZM2) DZ(L)=ZM2 

114 PLNGTH(L)=NIM*DZ(L) 
C 
C 
C******** PRINT INPUT, PROBLEM PARAMETERS, AND NETWORK ARRANGEMENT *********** 
C 

WRITE(KOUT,930) NPIPE,NOJUN,NOTNK,NORD.NOPUMP,KFRIC,NOPT, 
X INCOND,NOPRIN,IPRIN,NLPRN 
WRITE (KOUT, 932) DT , TBEG, TF IN, UR, PR .TEMP. SPWT . VISCCO 
IF(NOTNK.EQ.O) GO TO 150 
WRITE(K0UT,934) 
WRITE(KOUT,935) IJTANK(K),PTANK(K),K=1,NOTNK) 

150 IF(NORD.EO.O) GO TO 155 
WRITE(K0UT,937) 
WRITE(KOUT,938) IJR0(K),PRDB(K),PRDG(K),K=1,NORD) 

155 IF(NOPUMP.EQ.O) GO TO 160 
WRITE{K0UT,940) 
WRITE(KOUT,941) IJPUMP(K),LPUMP(K).HEAD(K),K=1.NOPUMP) 

160 WRITE(K0UT,945) 
DO 166 L=l,NPIPE 
DO 162 J=l,NOJUN 
IFIJUN(J).EO.Jl(L)) JT1=JTYPE(J) 
IF(JUN(J).EQ.JN(L)) JT2=JTYPE(J) 

162 CONTINUE 
IF(INCOND.EO.l) GO TO 164 
WRITE IKOUT,946) LPIPEIL),Jl(L),JTl,JN(L),JT2.PR,PR,UR.UR 
GO TO 166 

164 WRITE(K0UT,946) LPIPEIL),Jl(L) ,JTl,JML),JT2. 
X POl(L),PON(L),U01(L),U0N(L) 

166 CONTINUE 
WR1TEIK0UT,950) 
WRITE IKOUT,951)(LP IPEIL),D(L),H(L),A(L),PLNGTHIL),DZ(L), 

X NNODE(L),L=1,NPIPE) 
wRnE(K0UT,953) 
DO 170 L=l,NPIPE 
PYX=PY(L)/AFAC 

170 KRITE(KUUT,954) LPIPE(L),MAT(L ) ,PYX.CIL),RF(L) 
CALL WRMAT(MAT(1)) 
DO 174 L=2,NPIPE 
LM=L-1 
DO 172 LL=1,LM 
IFIMAT(L).EO.MAT(LL)) GO TO 174 

172 CONTINUE 
CALL WRMAT(MAT(L)) 

174 CONTINUE 
IF(NDPT.EQ.O) GO TO 160 
WRITE(K0UT,956) 
WRITE(K0UT,957) (TIME(K),PTM(K),K=1,NOPT) 

180 CONTINUE 
C 
C 
C«********** DETERMINATION OF PIPE CONNECTIONS AT EACH JUNCTION ************** 
C 
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DO 240 J=I,NOJUN 
JT=JIYPE(J) 
M1 = 0 
MN = 0 
DO 202 K=l,6 
LJK J,K)=0 

202 LJN(J,K)=0 
DO 206 L=l,NPIPE 
IF( JUN(J) .NE.JKL) ) GO TO 204 
M1=M1+1 
LJllJ,M1)=L 

204 IFIJUNIJ).NE.JN(L)) GO TO 206 
MN=MN+1 
L J N I J , M N ) = L 

206 CONTINUE 
M L K J ) = M1 
MLNIJ)=MN 

C**** TEST CORRECTNESS CF PIPE ARRANGEMENTS 
IFIMl+MN.LE.O) GU TO 830 
IFIJT.EO.l) GO TO 225 
IFIJT.EU.3) GU TO 230 
IF{JT.E0.4) GO TO 234 
IFIJT.E0.6) GO TO 226 
IFIJT.E0.7) GO TO 210 
IFIJT.EU.B) GO TO 215 
IFIJT.EQ.9) GO TO 210 
IF(JT.EQ.IO) GO TO 220 
IF(JT.E0.15) GO TO 232 
GO TO 835 

C**** SINGLE PIPE ENDS 
210 IF(M1+MN .NE. 1) GO TO 830 

GO TO 240 
C**** CONSTANT PRESSURE JUNCTION (SURGE TANK) 

215 IF(M1+MN .NE. 1) GO TO 830 
IF(NOTNK.EQ.O) GO TO 812 
GO TO 240 

C**** RUPTURE DISK 
220 IFIMl+MN .NE. 1) GO TO 830 

IF(NCRD.EQ.O) GO TO 817 
GO TO 240 

C**** TWO PIPE JUNCTIONS 
225 IF(M1+MN .NE. 2) GO TO 830 

GO TO 240 
C**»* DUMMY JUNCTION OR ACOUSTIC IMPEDANCE DISCONTINUITY 

226 IF(M1*-MN .NE. 2) GO TO 830 
IF(Ml.GE.l) L1=LJ1(J,1) 
IF(MN.GE.l) LN=LJN(J,l) 
IF(M1.E0.2) LN=LJ1(J,2) 
IF(MN.E0.2) L1=LJN(J,2) 
1F(ABS(A(L1)/AILN)-1.0).GT.EPSI) GO TO 837 
GO TO 240 

C**** TEE JUNCTION 
230 IFIMl.GT.NBRMX.DR.MN.GT.NBRMX) GO TO 830 

GO TO 240 
C**** SOURCE JUNCTION 
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232 IFIMl.GT.NBRMX-OR.MN.GT.NBRMX) GO TO 830 
IFINOPT.EQ.O) GO TO 840 
GO TO 240 

C**** PUMP JUNCTION 
234 IFIMl.GT.NBRMX.OR.MN.GT.NBRMX) GO TO 830 

IF(NOPUMP.EQ.O) GO TO 824 
GO TO 240 

240 CONTINUE 
C 
C 
(;****************»* CONVERSION OF UNITS - INCHES TO FEET ********************* 
C 

PR=PR*AFAC 
DO 250 L=l,NPIPE 
A(L)=AIL)/AFAC 
D(L)=D(L)/XFAC 
RF(L)=RF(L)/XFAC 
IFIINCOND.NE.l) GO TO 250 
P0i(L)=P01(L)*AFAC 
PON(L)=PON(L)*AFAC 

250 CONTINUE 
IF(NOTNK.EQ.O) GO TO 260 
DO 255 K=l,NOTNK 

255 PTANKIK)=PTANK(K)*AFAC 
260 IF(NORD.EQ.O) GO TO 265 

DO 262 K=1,NDR0 
PRDB(K)=PRDB(K)*AFAC 

262 PRDG(K)=PRDG(K)*AFAC 
265 IF(NOPUMP.EQ.O) GC TO 270 

DO 266 K=l,NOPUMP 
266 HEAU{K)=HEADIK)*AFAC 
270 IFINOPT.EQ.O) GO TO 272 

DO 271 K=1,N0PT 
271 PTM(K)=PTMIK)*AFAC 
2 72 CONTINUE 

C 
C 
C************************ INITIALIZATIONS AT TBEG **************************** 
C 

NSTEP=0 
TT=TBEG 
DO 302 L=l,NPIPE 
TMAXIL)=TBEG 

302 PMAXIL)=0.0 
C«*** INITIAL VALUES OF UO, PO, U AND P 

00 315 L=l,NPIPE 
NI=NNODE(L) 
IFIINCOND.EQ.l) GU TO 307 
DO 305 1=1,NI 
DO 305 K=l,2 
P(L,I,K)=PR 

305 U(L,I,K)=UR 
GO TO 315 

307 NIM=NI-1 
DELP=(PDN(L)-PU1(L))/NIM 
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DELU=IUON(L ) - U O I I D ) / N I M 
DO 309 1 = 1 , N I 
I M = I - 1 
DO 309 K = I , 2 
P ( L , I , K ) = P 0 1 ( L ) + I M * 0 E L P 

309 U I L , I , K ) = U 0 1 I L ) + I M * D E L U 
315 CONTINUE 

I F ( N U P T . G T . O ) CALL PTI M E ( T T , P S O ) 
C * « * * I N I T I A L I Z E CONSTANTS FOR PLASTIC DEFORMATION 

NPLP=0 
DO 3 2 2 K P L = 1 , 1 0 

322 M P X I K P L ) = 0 
DO 324 L = l , N P I P E 

324 K P L A S ( L ) = 0 
W R I T E ( K O U T , 9 6 0 ) 
GO TO 700 

C 
c 
(;***4c4c4<*4>4c4c*<>*4c*«:»4c***«** INTERIOR NODE CALCULATION ************************** 
C 

400 DO 475 L=l,NPIPE 

C**** 

410 

C**** 
420 

422 
C**** 
C**** 

430 

DO 47 
NI = NN 
NIM = N 
IF (N 
IF(KP 
ELAST 
DO 41 
CALL 
CALL 
CALL 
CALL 
U(L,I 
P(L,I 
IF(AB 
IF(AB 
CHECK 
IF(P( 
CONTI 
GO TO 
PIPE 
NPLP = 
IF(NP 
KPLAS 
KPL = K 
LPLP( 
WRITE 
DO 42 
PMX(K 
PLAST 
PLAST 
KPL = K 
DO 46 
PP1=P 
UP1 = U 
PMXU = 

5 L = l, 
ODE(L) 
I-l 
I.LE.2 
LASIL) 
IC PIP 
0 1 = 2 
INTRP 
FRCTRM 
INTRP 
FRCTRM 
,2)= I 
,2)= I 
SIUIL, 
SIPIL, 
FUR P 

L,I,2) 
NUE 
475 

L BECO 
NPLP+1 
LP.GT. 
IL)=NP 
PLASIL 
NPLP)= 
IKQUT, 
2 IP = 
PL,IP) 
IC PIP 
IC PIP 
PLASIL 
5 1=2 
IL,I,1 
IL,I ,1 
PMXIKP 

) GO TO 4 75 
.GT.O) GO TO 430 
E DEFORMATION 
,NIM 
(L,I ,K1,UA,PA,CA) 
(L,UA,GA) 

(L,I ,K2,Ub,PB,CB) 
(L,UB,GB) 

CA«lUA-OT*GA)*CB*(UB-DT*GB) ••( PA-PB)/DENS ) / (C A*CB ) 
DENS*(UA-UB*DT*IGB-GA))*CA*CB*PA*CB*PB*CA)/ICA^CB) 
I,2)-U(L,1,1)).LT.O.00001) U(L,I,2)=U(L,I,1) 
I,2)-P(L,I,1)).LT.O.l) P(L,I ,2)=PIL,1,1) 
LASTIC DEFORMATION IN ELASTIC PIPE 
.GT.PYIL)) GO TO 420 

MES PLASTIC 

NPLMX) GO TO 850 
LP 
) 
L 
970) LPIPEIL),NSTEP,ILPIPEILPLP(KK)),KK=1,NPLP) 
1,NI 
=P(L,IP,1) 
E DEFORMATION 
E DEFORMATION 
) 
,NIM 
) 
) 
L,I) 
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KIT=0 
P(L.l.2)=PPl 
U(L,I,2)=UP1 

C CALCULATION AT POINT P 
432 CALL INTRP (L . I , Kl,UA,PA,CA) 

CALL FRCTRM (L,UA,GA) 
CALL INTRP (L,I,K2,UB,PB,CB) 
CALL FRCTRM (L,UB,GB) 
U(L,I ,2)= (CA*(UA-DT*GA)+CB*(UB-DT*GB) + (PA-PB)/DENS)/(CA+CB) 
PIL,I,2)= (DENS*(UA-UB+DT*(GB-GA))*CA*CB+PA*CB+PB*CA)/(CA+CB) 
IF(ABS(U(L,I ,2)-UIL,I,l) ).LT.O.00001) U(L,I,2) = U<L,I.1) 
IF(ABS(P(L,I,2)-P(L,I,1)).LT.0.1) P{L,I,2)=P(L,I,1) 
PP2=P(L,l,2) 
UP2=U(L,I,2) 
IF(ABS(PP2-PP1).LE.ABS(EPSI*PP2)) GO TO 460 
IFCKIT.EQ.20) GO TO 440 
GO TO 455 

C POOR CONVERGENCE OF ITERATION 
440 MPX(KPL)=1 

CALL WVSPD(MATIL).HOD(L),PPl,PMXQ,CPl) 
CALL WVSPD(MAT(L),HOD(L),PP2,PMXQ,CP2) 
CPX{KPL)=(CPl+CP2)/2.0 

455 KIT=KIT*1 
IF(KIT.GT.30) U(L,I,2)=(UPl+UP2)/2.0 
IF(KIT.GT.40) GO TO 855 
PP1=PP2 
UP1=U(L,I,2) 
GO TO 432 

460 MPX(KPL)=0 
465 CONTINUE 
475 CONTINUE 

C 
C 
C************************ JUNCTION NODE CALCULATION ************************** 
C 

DO 599 J=l,NOJUN 
KIT=0 
JT=JTYPE(J) 
NN1=ML1IJ) 
NNN=MLN(J) 
NT=NN1+NNN 

502 CONTINUE 
IF(JT.EQ.l) GO TO 505 
IF(JT.EQ.3) GO TO 510 
IFIJT.EQ.4) GO TO 511 
IFIJT.EQ.6) GO TO 515 
IF(JT.EQ.7) GO TO 520 
IF(JT.EQ.8) GO TO 525 
IF(JT.EQ.9) GO TO 530 
IF(JT.EQ.IO) GO TO 535 
IFJJT.EQ.15) GO TO 540 
GO TO 835 

505 CALL ABEACH(J) 
GO TO 575 

510 CALL TEE(J,INCOND,PR) 

http://IFJJT.EQ.15
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GO TO 575 
511 00 512 K=1,N(1PUMP 

KK = K 
IF(JPUMP(K).EQ.JUN(J)) GO TO 513 

512 CONTINUE 
GO TO 847 

513 CALL PUMPIJ,LLPMPIKK),HEADIKK) ) 
GO TO 575 

515 CALL IMPEDIJ) 
GO TO 575 

520 CALL CLOSED(J) 
GO TO 575 

525 DO 526 K=l,NOTNK 
KK = K 
IF(JTANK(K).EQ.JUN(J)) GO TO 527 

526 CONTINUE 
GO TO 843 

527 CALL CUNSTPIJ.PTANKIKK) ) 
GD TO 575 

530 CALL FARENDIJ) 
GO TO 575 

535 DO 536 K=1,N0RD 
KK=K 
IF!JRUIK).EO.JUN(J)) GO TO 537 

536 CONTINUE 
GO TO 645 

537 KKRD=KRD(KK) 
CALL RUPDSK (J,PRDBIKK),PROGIKK),KKRD) 
IFIKRDIKK).EQ.O .AND. KKRD.EQ.l) GO TO 538 
GO TO 575 

538 WPITEIK0UT,966) JUNIJ),NSTEP,TT 
TR0IKK)=TT 
KRD(KK)=1 
GO TO 575 

540 CALL PRESSU(J,PSO) 
GO TO 575 

575 CONTINUE 
C**** CHECK FOR PLASTIC DEFORMATION AT JUNCTION 

KPIND=0 
DO 590 K=l,NT 
IF(K.GT.NNl) GO TO 578 
L=LJ1(J,K) 
1 = 1 
GO TO 580 

578 KM=K-NN1 
L=LJN(J,KM) 
I=NNUDE(L) 

580 KPL=KPLAS(L) 
IFIKPL.EQ.O) GO TO 586 
IF(KIT.EQ.O) PPIJ(KPL)=P(L,I,1) 
PP2=P(L,I,2) 
PP1=PPIJ(KPL) 
PPIJ(KPL)=PP2 
IFIABS(PP2-PPI) .LE.ABS(EPSI*PP2) ) GO TO 590 
KPIND=1 
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IFIKIT.EQ.20) GO TO 582 
GO TO 590 

C POOR CONVERGENCE AT PLASTIC JUNCTION 
582 PMXQ=PMX(KPL,I) 

CALL WVSPDIMAT(L),HO0IL),PPl,PMXQ,CPl) 
CALL•WVSPD(MATIL),HOD(L),PP2,PMX0,CP2) 
MPXIKPL)=l 
CPXIKPL)=(CPl+CP2)/2.0 
GO TO 590 

586 I F I P ( L , I , 2 ) . L E . P Y ( L ) ) GO TO 590 
C***« PIPE BECOMES PLASTIC AT JUNCTION 

KPIND=1 
NPLP=NPLP+1 
IFINPLP.GT.NPLMX) GO TO 850 
KPLAS(L)=NPLP 
KPL=KPLAS(L) 
LPLP(KPL)=L 
WRITE(KDUT,970) LPIPE(L),NSTEP,(LP IPE(LPLP(KK)),KK=1,NPLP) 
NI=NNODE(L) 
DO 588 IP=1,NI 

588 PMX(KPL,IP)=P(L,IP,1) 
PPIJ(KPL)=P(L,I,2) 

590 CONTINUE 
IF(KPIND.EQ.O) GO TO 592 
KIT=KIT+1 
IFIKIT.GT.30) U(L,I,2)=(U(L,I,2)•UPIJ(KPL))/2.0 
UPIJ(KPL)=UIL,I,2) 
IF(KIT.GT.40) GO TO 860 
GO TO 502 

592 IF(KIT.EQ.O) GO TO 599 
DO 594 KPL=1,NPLP 

594 MPX(KPL)=0 
599 CONTINUE 

C 
C 
C****************** PRINT RESULTS AT SPECIFIED TIME STEP ********************* 
C 

IFIKPRIN.EQ.NOPRIN) GO TO 700 
KPRIN=KPRIN+1 
GO TO 725 

700 KPRIN=1 
WRITE(K0UT,961) TT,NSTEP 
IFINOPT.EQ.O) GO TO 701 
PSOW=PSO/AFAC 
WRITE(K0UT,9o5) PSOW 

701 DO 710 L=l,NPIPE 
IF (NLPRN.EQ.O) GO TO 704 
ro 702 K=l,NLPRN 
IF(LPIPE(L).EO.LPRIMK) ) GO TO 704 

702 CONTINUE 
GO TO 710 

704 WPITE(K0UT,962) LPIPE(L),J 1(L ) ,JN(L) 
NIM=NN0DE(L)-1 
COUT=CIL) 
00 706 1=1,NIM,IPRIN 
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I F I K P L A S I D . G T . O ) CALL WVSPO IM AT I L ) ,HODI L ) , P( L , I , 2 ) , 
X P M X I K P L A S I L ) , I ) , C O U T ) 

Z = I 1 - 1 ) < ' D Z I L ) 
P P W = P I L , I , 2 ) / A F A C 
WRITE I K O U T , 9 6 3 ) Z , P P W , U ( L , I , 2 ) ,COUT 

706 CONTINUE 
Z=PLNGTH(L) 
I=NNODE(L) 
P P W = P I L , I , 2 ) / A F A C 
I F I K P L A S I D . G T . O ) CALL WVSPD I M AT I L ) , HOD( L) , P I L , I , 2 ) , 

X P M X I K P L A S I L ) , I ) , C O U T ) 
W R I T E I K 0 U T , 9 6 3 ) Z , P P W , U I L , I , 2 ) , C O U T 

710 CONTINUE 
I F I N S T E P . E Q . O ) GO TO 750 

C 
C 
C******************* INITIALIZATIONS FOR NEXT TIME STEP •********•*«»*•*•*••»• 
C 
C**** DETERMINE MAXIMUM PRESSURE AND VELOCITY IN EACH PIPE 

725 UMX=0. 
CUMX=0. 
DO 729 L=l,NPIPE 
NI=NNODEIL) 
PPX=PMAXIL) 
DO 727 1=1,NI 
UMX=AMAX1IUMX,ABS(U(L,1,2))) 

72 7 PMAXIL)=AMAX1IPMAX(L),PIL,I,2)) 
IF IPMAX(L).GT.PPX) TMAX(L)=TT 
CUP=1.+UMX/C(L) 

729 CUMX=AMAX1(CUP,CUMX) 
C**** REDETERMINE DT FOR NUMERICAL STABILITY 

IF (CUMX .LT. FACTl) GO TO 735 
IF (CUMX .GT. FACT2) GO TO 875 
FACT=1.01*CUMX 
0T=DT*FACT1/FACT 
FACT1=FACT 
FACr2=FACT2+FACT-l. 
GO TO 877 

735 CONTINUE 
C**** DETERMINE PMAX IN PLASTIC PIPES 

IF(NPLP.EQ.O) GO TO 750 
DO 740 KPL=1,NPLP 
L=LPLP(KPL) 
NI=NNODEIL) 
DO 740 IP = 1 ,NI 

PMX(KPL,IP)=AMAX1(PMX(KPL, IP) ,PIL, IP,2)) 
740 CONTINUE 

C*«** INCREASE TT AND NSTFP 
750 TT=TT+DT 

IFITT.GT.TFIN) GO TO 775 
NSTEP=NSTEP*1 

C**** INITIALIZE P AND U 
DO 760 L=l,NPIPE 
NI=NNODE(L) 
DO 760 1=1,M 
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U(L,I,1)=U(L,I,2) 
760 P(L,I,1)=P(L,I,2) 

C**** COMPUTE SOURCE PRESSURE 
IFINOPT.GT.O) CALL PTIME(TT,PSO) 
GO TO 400 

C 
C 
C********************** PRINTOUTS AT END OF PROBLEM ************************** 
C 
775 WRITE(K0UT,975) 

WRITE(K0UT,977) 
DO 780 L=l,NPIPE 
PMM=PMAX(L)/AFAC 

780 WRITEIK0UT,978) LP IPE(L),PMM,TMAX(L) 
IF(NPLP.GT.O) WRITE(K0UT,971) (LP IPE(LPLPCK)),K=1,NPLP) 
IF(NORD.EQ.O) GO TO 799 
DO 782 K=1,NORO 
I F ( K R O ( K ) . E Q . l ) WRITE(K0UT,979) JRDCK).TRD(K) 

782 CONT INUE 
799 STOP 

C 
C 
C*********************** DIAGNOSTIC MESSAGE PRINTS *************************** 
C 

800 WRITE(K0UT,e01) 
801 FORMAT (/,lOX,•ERROR IN NUMBER OF PIPES') 

STOP 
805 WRITE(KOUT,806) 
806 FORMAT (/.lOX.•ERROR IN NUMBER OF JUNCTIONS') 

STOP 
810 WRITE(K0UT,811) 
811 FORMAT!/,lOX,'ERROR IN NUMBER OF TANKS') 

STOP 
812 WRITEIK0UT,813) JUN(J) 
813 FORMAT!/,10X,'NaTNK=0 AND JUNCTION*,15,• IS A SURGE TANK') 

STOP 
815 WRITE(KOUT,816) 
816 FORMAT!/,lOX,'ERROR IN NUMBER OF RUPTURE DISKS') 

STOP 
817 WRITE(K0UT,818) JUN(J) 
818 FORMAT!/,10X,'NORD=0 AND JUNCTION',15,• IS A RUPTURE DISK') 

STOP 
820 WRITE(K0UT,821) 
821 F0RMAT(/,10X,'ERROR IN NUMBER OF PUMPS') 

STOP 
822 WRITE{K0UT,823) JPUMP{K),LPUMPIK) 
823 FORMAT!/,lOX,'PUMP DISCHARGE PIPE NUMBER IS INCORRECT',/, 

X lOX,'JPUMP =',15,', LPUMP =',I5) 
STOP 

824 WRITE(KOUT,825) JUN(J) 
825 FORMAT!/,10X,'N0PUMP=0 AND JUNCTION',I 5,' IS A PUMP') 

STOP 
828 WRITE(K0UT,829) 
829 FORMAT!/,lOX,'ERROR IN NUMBER OF PRESSURE SOURCE DATA POINTS') 

STOP 
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830 WRITE(KOUT,831) JUN(J),JTYPE(J) 
831 FORMAT(//10X,'INCORRFCT PIPE ARRANGEMENT AT JUNCTION', 

X 14,' , JTYPE =' ,14) 
STOP 

835 WRITEIK0UT,836) JUNIJ),JTYPEI J ) 

836 F0RMATI//10X,'INVALID JUNCTION TYPE, JUN =',I4,', JTYPF =',I4) 
STOP 

837 WRITEIK0UT,838) JUNIJ),JTYPE(J ) 
838 FORMAT!//,lOX,'PIPES CONNECTED AT JUNCTION',I 4 , 

X • HAVE DIFFERENT AREAS, JTYPE =',14) 
STOP 

840 WRITEIK0UT,841) JUNIJ) 
841 FORMAT!/,lOX,'NO INPUT PRESSURE PULSE 1NOPT=0) AT SOURCE', 

X • JUNCTION',14) 
STOP 

843 WRITEIK0UT,844) JUNIJ) 
844 FORMAT!/,10X,'NO TANK DATA INPUT FOR JUNCTI ON',I 4) 

STOP 
845 WRITEIK0UT,846) JUNIJ) 
846 FORMAT!/,lOX,'NO RUPTURE DISK DATA INPUT FOR JUNCTION*,14) 

STOP 
847 WRITE!K0UT,848) JUNIJ) 
848 FORMATI/,10X,'NO PUMP DATA INPUT FOR JUNCTION',15) 

STOP 
850 NPLP=NPLP-1 

WRITE IKOUT,970) LPIPEIL) , NSTEP,I LP IPEILPLPIKK)),KK = 1 ,NPLP) 
WRITEIKOUT,851) 

851 FORMATIIHI,////,lOX,'NUMBER OF PLASTIC PIPES EXCEEDS NPLMX') 
GO TO 775 

855 WRITEIK0UT,856) LP IPE I L ) , I , TT 
856 FORMATIIHI,////,10X,'NO CONVERGENCE IN PLASTIC ITERATION FOR', 

X • PIPE NO',14,', I =',I4,', TIME =',E12.5,' S E C ) 
GO TO 775 

860 WRITEIK0UT,861) JUNIJ),TT 
861 FORMATIIHI,////,10X,"NO CONVERGENCE IN PLASTIC ITERATION AT', 

X ' JUNCTION',14, ' , TIME =',E12.5,' S E C ) 
GO TO 775 

870 WRITE(K0UT,871) LPIPEIL),DT,DTT 
871 FORMAT!////,lOX,'NNODE .GT. IMAX FOR PIPE NO',14, 

X ' - RESET DT =',E12.5,' TO DT =',E12.5) 
GO TO 111 

875 WRITE(K0UT,876) CUMX 
876 F0RMAT(////,10X,'CUMX =',E12.5,' IS GREATER THAN FACT2') 

GO TO 775 
877 WRITE(K0UT,878) DT 
878 FORMAT (5X,/,'***•* DT IS DECREASED TO •,E12.5,' *****',/) 

GO TO 735 
C 
C 
C************«***«**«:^««4, INPUT FORMAT STATEMENTS *•*•******•*»*•*•*••*****••• 
C 

900 F0RMAT(1615) 
901 F0RMAT(aE10.5) 
905 FQRMAT(4I5,5F10.5) 
910 FORMATd I0,E10.3) 
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911 F0RMAT!I10,2E10.5) 
912 F0RMAT!2I5,E10.5) 

C 
C 
C*********************** OUTPUT FORMAT STATEMENTS ******•*****•*•••****•****»* 
C 

930 FORMAT !IHl,//,30X,' PROBLEM PARAMETERS AND DESCRIPTION', 
1 ' OF NETWORK ARRANGEMENT ',////,5X,•NPIPE =',I5.7X, 
2 'NOJUN =',15,7X,'NOTNK =•,I5,7X.'NORD ='.15,7X,•NOPUMP =• , 
3 15,7X,'KFRIC =',I 5,/,5X,'NOPT =',15.7X.•INCOND =•,I 5, 
4 7X,'NOPRIN =',15,7X,'IPRIN =•,I 5,7X,•NLPRN =',15,///) 

932 F0RMAT(5X,'DT =',E12.5.' SEC ,12X, • TBEG =',E12.5,' SEC, 
1 13X,'TFIN =',E12.5,' SEC',/, 
2 SX.'UR =',F12.4,' FT/SEC,9X,'PR =',F14.3,' PSI',13X, 
3 'TEMP =',F10.3,' 0EG.F'.//.5X.'SP WEIGHT =',F8.3.' LBS/FT3', 
4 5X,'VISC =',E12.5.' LBS-SEC/FT2',5X,•SOUND SPEED ='.F10.2, 
5 ' FT/SEC,///) 

934 F0RMAT(////,38X,' CONSTANT PRESSURE TANKS ',//,41X, 
X 'JUNCTION N0',4X,'GAS PRESSURE',/) 

935 F0RMAT!44X,I5,7X,F12.3) 
937 FORMAT!////,43X.' RUPTURE DISKS './/.SSX, 

X 'JUNCTION NO',3X,'BURST PRESSURE',3X,'GAS PRESSURE',/) 
938 F0RMAT(3 8X,I5,8X,F12.3,3X,F12.3) 
940 F0RMAT(////,47X,' PUMPS ',//,32X, 

X 'JUNCTION NO',3X,'DISCHARGE PIPE NO',4X,'HEAD, PSI',/) 
941 FORMAT(35X,I 5,12X,I 5,8X,F12.3) 
945 F0RMAT(1H1,//,6X,'PIPE', 13X,'JUNCTION NOITYPE)',14X, 

1 'PRES URE - PSI',13X,'VELOCITY - FT/SEC,/,7X,•NO', 
2 12X,'I = 1',11X,'I = N',7X,'FIRST NODE', 5X, 'LAST NODE', 
3 4X,'FIRST NODE',5X,'LAST NODE',/) 

946 FORMAT !5X,I4,9X,I4,'!',I2,')',8X,14,'I',I2,')',3X,2F14.3, 2F14.4) 
950 FORMAT !IHl,//,6X,'PIPE•, 9X,'01AMETER',8X,'THICKNESS',1IX, 

1 'AREA',13X,'LENGTH',9X,'INTERNODAL',7X,'NO 0F',/,7X, 
2 'NO',12X,'INCH',13X,'INCH' ,11X,'SQR INCH',12X,'FEET',1IX, 
3 'DIST, FT',8X,'NODES',/) 

951 FORMAT !5X,I 4,IX,F17.4,F17.5,2F17.3,F17.4,9X,14) 
953 FORMAT IIHl,//,6X,'P IPE', 5X,'MATER IAL',5X,'YIELD PRESSURE',5X, 

1 'EL. WAVE SPEED',8X,'ROUGHNESS',/, 
2 7X,'N0'.lOX.'NO',14X,'PSI',14X,'FT/SEC'.14X,'INCH',/) 

954 FORMAT I5X,I 4,lOX,I 2,5X.F17.2,2X,F17.2,2X,E17.4) 
956 FORMAT !IHl,////,40X,• INPUT DATA FOR PRESSURE - TIME', 

X ' HISTORY •,///,52X,'TIME, SEC,6X,•PRESSURE, PSI',/) 
957 FORMATI50X,E12.5,5X,F12.3) 
960 FORMAT IIHl,//,40X,' RESULTS OF PRESSURE TRANSIENT', 

X ' CALCULATION ') 
961 FORMAT!////,5X,'**** TIME =',E15.5,' SEC',5X,•!',I 4,• STEPS )') 
962 FORMAT!/,3X,'PIPE NO',15,', Jl =',I4,', JN =',I4,/, 

1 22X,'DISTANCE, FT',12X,•PRESSURE, PSI',11X, 
2 'VELOCITY, FT/SEC ,11X,'WAVE SPD, FT/SEC) 

963 FORMAT I19X ,F15.4,10X,F15.2,10X,F15.3,lOX,F15.2) 
965 FORMAT!/,15X,'SOURCE PRESSURE =',F10.2,' PSI') 
966 FORMAT!////,lOX,'**** RUPTURE DISK AT JUNCTION',14, 

X ' HAS BURST IN TIME STEP NO.',15,', T =',F12.5) 
970 FORMAT!////,lOX,'**** PIPE NUMBER',14,' HAS BECOME PLASTIC IN', 

1 ' TIME STEP NO.',14,//,15X,'PIPES WHICH HAVE HAD SOME', 
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2 ' PLASTIC DEFORMATION ARE NUMBERS',1014,/,(20X,2014,/)) 
971 FORMAT!////,15X,'PIPES WHICH HAVE HAD SOME', 

X ' PLASTIC DEFORMATION ARE NUMBERS',1014,/,(20X,2014,/)) 
975 FORMAT l//,45X,' END OF CALCULATION ') 
977 FORMAT !IHl,//,30X,' MAXIMUM PRESSURES IN BACH PIPE', 

X • DURING CALCULATION ',/) 
978 FORMAT I25X,'MAX!MUM PRESSURE IN PIPE', 15,' = ',F12.2, 

X ' PSI OCCURRED AT •,E12.5,' SEC) 
979 FORMAT!///,15X,'RUPTURE DISK AT JUNCTI ON',I 4,' BURST AT', 

X E12.5,' SEC) 
END 
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SUBROUTINE MTPRP 
C**** SUBROUTINE WHICH COMPUTES WAVE SPEED AS FUNCTION OF PRESSURE 
C**** FOR VARIOUS MATERIALS 
C MAT=1 - 304 STAINLESS STEEL 
C MAT=2 - 316 STAINLfSS STEEL 
C MAT=3 - LINEAR ELASTIC AND PLASTIC REGIONS WITH ELLIPTIC 
C TRANSITION 
C MAT=4 - BILINEAR STRESS-STRAIN RELATION 
C MAT=5 - BILINEAR STRESS-STRAIN RELATION 
C MAT=6 - RIGID PIPE WALL 

COMMON /Rl/ AllOO),C!100),DZ!100),D!100),P!100,100,2), 
1 01100,100,2),LJ11100,6),LJN!100,6),MLlI 100).MLN!100), 
2 LPIPE!100).JUN!100),NN0DE!100),DENS,DT 
COMMON /R3/ TR,CO 

C 
DIMENSION EI6),SYI6),KPRI6),EPSY!6) 

C 
DATA KOUT/6/,RRR/1.0001/,PFAC/144.0/,KPR/6*0/,PLAR/1.0E+06/ 

C 
C**** COMPUTES YIELD PRESSURE AND ELASTIC WAVE SPEED 

ENTRY ELPRPIM,HD,PYLD,CELAS) 
IF!KPRIM).GT.O) GO TO 5 
GO TO 110,20,30,40,50,60),M 

1 WRITE !K0UT,2) M 
2 F0RMATI1H0,5X,'INCORRECT MATERIAL NUMBER, MAT =',I4) 

STOP 
5 PYLD=2.0*SYIM)*H0 
CELAS=CO/SQRTI1.0+CO**2*DENS/HD/E!M)) 
RETURN 

C«**« 304 STAINLESS STEEL PROPERTIES FROM LMFBR MATERIALS HANDBOOK 
C M = 1 

DATA AS1,AS2,AS3,AS4/11.29E+03,1.23,27.5E+03,10.7/, 
1 AF1,AF2,AF3/3.0E-06,5.03E-06,0.0143/, 
2 AF4,AF5,AF6/9.3E-06,7.23E-05,0.1877/ 

C COMPUTE MATERIAL PROPERTIES 
10 SYI1)=IASI-AS2*TR)*PFAC 

SA1=(AS3-AS4*TR)*PFAC 
A11=AF1/PFAC 
A12=AF2*TR-AF3 
A13=AF4/PFAC 
A14=AF5*TR-AF6 
F{i)=SY!l)/IAll*SYI1)+A12)**2 
EPSYI1)=SY!1)/EI1) 
KPR!1)=1 
GO TO 5 

C**** 316 STAINLESS STEEL PROPERTIES FROM LMFBR MATERIALS HANDBOOK 
C M = 2 

DATA BSl,BS2,BS3,BS4/10.27E+03,2.784E+06,13.3 73E+03.3.616E+06/. 
1 BFl,8F2,BF3/1.8E-06,3.802,3.9E-03/, 
2 BF4,BF5,BF6/8.2E-06,26.945,0.0817/ 

20 SY!2)=!BS1+BS2/TR)*PFAC 
SA2=IBS3*BS4/TR)*PFAC 
A21=BF1/PFAC 
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A22=BF3-BF2/TR 
A23=BF4/PFAC 
A 2 4 = - B F 5 / T R - B F 6 
E I 2 ) = S Y ! 2 ) / I A 2 1 * S Y ! 2 ) + A 2 2 ) * * 2 
F P S V I 2 ) = S Y I 2 ) / E I 2 ) 
K P R ! Z ) = 1 
GO 10 5 

C**** LINEAR ELASTIC AND PLASTIC REGIONS WITH ELLIPTIC TRANSITION 
C M = 3 
C DATA FOR NICKEL 200 

DATA EE3/30.0E+06/,EPL3/0.405E*06/,S03/29.0E+03/, 
1 GMY3/0.75/,GMA3/1.25/ 

30 EI3)=EE3*PFAC 
EP3=EPL3*PFAC 
SG03=S03*PFAC 
RM3=EP3/E!3) 
SY(3)=SG03*GMY3 
SA3=SG03«GMA3 
EPSYI3)=SY(3)/E(3) 
DY3=1.0-GMY3 
DA3=GMA3-1.0 
A31=DA3+RM3*DY3 
A32=DA3-RM3*DY3 
A33=DA3*GMY3-RM3*DY3*GMA3 
A34=GMA3-GMY3 
A35=DA3*DY3+RM3*(1.0-GMY3*GMA3) 
A36=DY3-DA3 
A3 7=&MY3**2*{1.0-RM3**2)*DA3**2 
KPR(3)=1 
GO TO 5 

C**** BILINEAR STRESS-STRAIN RELATION 
C M = 4 
C BILINEAR APPROXIMATION FOP NICKEL 200 

DATA EE4/30.0E+06/,EPL4/4.05E+05/,SY4/29.0E*03/ 
40 EI4)=EE4*PFAC 

FP4=EPL4*PFAC 
SYI4)=SY4*PFAC 
RM4=EP4/EI4) 
EPSY(4)=SY(4I/E(4) 
KPRI4)=1 
GO TO 5 

C**** BILINEAR STRESS-STRAIN RELATION 
C M = 5 

DATA EE5/24.8E+06/,EPL5/2.48E + 06/,SY5/90.0E<-03/ 
50 E(5)=EE5*PFAC 

EP5=EPL5«PFAC 
SYI5)=SY5*PFAC 
RM5=EP5/E(5) 
EPSYI5)=SYI5)/E!5) 
KPKI5)=1 
GO TU 5 

C**** RIGID PIPE WALL 
C M = 6 

60 PYLl)=PLAR*PFAC 
CtLAS=CO 
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EPSYI6)=0.0 
RETURN 

C 
C**** PRINTOUTS DESCRIBING MATERIALS 

ENTRY WRMATIM) 
GO T0I210,220,230,240,250,260) ,M 
GO TO 1 

C M = 1 
210 E0UT=EI1)/PFAC 

SY0UT=SY!1)/PFAC 
WRITE!KaUT,212) TR,EOUT,SYOUT 

212 FORMAT!////,5X,'MATERIAL 1 IS 304 STAINLESS STEEL AT',F12.3, 
1' OEG. F',/,10X,'ELASTIC MODULUS =',E13.6,' PSI, YIELD STRESS =', 
2E13.6,' PSI') 
RETURN 

C M = 2 
220 E0UT=E!2)/PFAC 

SY0UT=SY!2)/PFAC 
WRITE!K0UT,222) TR,EOUT,SYOUT 

222 FORMAT!////,5X,'MATERIAL 2 IS 316 STAINLESS STEEL AT',F12.3, 
1' DEG. F',/,10X,'ELASTIC MODULUS =',E13.6,' PSI, YIELD STRESS =', 
2E13.6,' PSI') 
RETURN 

C M = 3 
230 E0UT=E!3)/PFAC 

SY0UT=SY!3)/PFAC 
WRIT£!K0UT,232) EOUT,SYOUT 

232 F0R,MAT!////,5X,'MATERIAL 3 IS NICKEL 200, USING FITTED CURVE', 
1' FOR STRESS-STRAIN RELATION',/,lOX,'ELASTIC MODULUS =',E13.6, 
2' PSI, YIELD STRESS =',E13.6,' PSI') 
RETURN 

C M = 4 
240 EaUT=E!4)/PFAC 

SY0UT=SY(4)/PFAC 
EPaUT=EP4/PFAC 
WRITE!K0UT,242) EOUT,SYOUT,EPOUT 

242 FORMAT!////,5X,'MATERIAL 4 IS BILINEAR APPROXIMATION TO NICKEL', 
1' 200',/,10X,'ELASTIC MODULUS =',E13.6,' PSI, YIELD STRESS =', 
2E13.6,' PSI, PLASTIC MODULUS =',E13.6,' PSI') 
RETURN 

C M = 5 
250 E0UT=EI5)/PFAC 

SY0UT=SY!5)/PFAC 
EP0UT=EP5/PFAC 
WRITEIK0UT.252) EOUT,SYOUT.EPOUT 

252 FORMAT!////,5X,'MATERIAL 5 HAS A BILINEAR STRESS-STRAIN RELATION', 
1/,10X,'ELASTIC MODULUS =',E13.6,» PSI. YIELD STRESS ='.E13.6, 
2' PSI, PLASTIC MODULUS =',E13.6,' PSI') 
RETURN 

C M = 6 
260 WRITE!K0UT,262) 
262 FORMAT!////,5X,'MATERIAL 6 IS RIGID•,/,lOX,'ELASTIC MODULUS AND', 

1' YIELD STRESS ARE INFINITE•,/,lOX,'WAVE SPEED IS EQUAL TO ', 
2'SOUND SPEED') 
RETURN 
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ENIRY WVSPD!M,HD,PP,PX,CC) 
C**** CALCULATION OF WAVE SPEED AS FUNCTIUN OF PRESSURE AND PREVIOUS 
C**** MAXIMUM PRESSURE 

SS=PP/HD/2.0 
SX=PX/HD/2.0 
BC=C0**2*DENS/HD 
GO TO' 1510,520,530,540,550,560),M 
GO TO 1 

C**** M = 1 
510 IFISS.GT.SX/RRR.AND.SS.GT.SYID) GO TO 512 

C DEFORMATION IS ELASTIC 
EEE=EI1) 
GO TO 518 

C DEFORMATION IS PLASTIC 
512 IFISS.GT.SAl) GO TO 514 

C STRESS IS BETWEEN SY AND SA 
FEE=0.5/A11/IA11*SS+A12) 
GO TO 518 

C STRESS IS GREATER THAN SA 
514 EEE=0.5/A13/IA13*SS*A14) 
518 CC=C0/SQRTI1.0+BC/IEFE-2.0*SS)) 

RETURN 
C 
C**** M = 2 
520 IFISS-GT.SX/RRR.AND.SS.GT.SYI2)) GO TO 522 

C DEFORMATION IS ELASTIC 
EEE=EI2) 
GO TO 528 

C DEFORMATION IS PLASTIC 
522 IFISS.GT.SA2) GU TO 524 

C STRESS IS BETWEEN SY AND SA 
EEE=0.5/A21/IA2l*SS+A22) 
GO TO 528 

C STRESS IS GREATER THAN SA 
524 EEE=0.5/A23/(A23*SS+A24) 
528 CC=CO/SQRT( I.0*-BC/IEEE-2.0*SS) ) 

RETURN 
C 
C**** M = 3 

530 IFISS.GT.SX/RPR.AND.SS.GT.SYI3)) GO TO 532 
C DEFORMATION IS ELASTIC 

EEE=EI3) 
GO TO 533 

C DEFORMATION IS PLASTIC 
532 IFI^S.Ll .SA3) GO TO 534 

C STRESS IS IN LINEAR PLASTIC REGILN 
EEE=EP3 
GO TO 538 

C STRESS IS IN ELLIPTIC TRANSITION REGIuN 
534 SRAT=SS/SG03 

ARG=1.0-(A37+A31*IA32*SRAT**2-2.0*A33*SRAT))»A36/A34/A35**^ 
EEE = EP3<=A34*A35*S0RT I ARG )/A3 1/! A72*SRAT-A33 ) 

538 CC=C0/SUkT(1.0*UC/(EFE-2.0*SS) ) 
•-ETURN 
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C**** M = 4 
540 IFISS.GT.SX/RRR.AND.SS.GT.SY(4)) GO TO 542 

C DEFORMATION IS ELASTIC 
EEE=E!4) 
GO TO 548 

C DEFORMATION IS PLASTIC 
542 EEE=EP4 
548 CC=CO/SQRTIl.0*BC/IEEE-2.0*SS)) 

RETURN 
C 
C**** M = 5 

550 IFISS.GT.SX/RRR.AND.SS.GT.SYI5)) GO TO 552 
C DEFORMATION IS ELASTIC 

EEE=E!5) 
GO TO 558 

C DEFORMATION IS PLASTIC 
552 EEE=EP5 
558 CC=CO/SQRTI1.0+BC/IEEE-2.0*SS)) 

RETURN 
C 
C**** M = 6 

560 CC=CO 
RETURN 
END 
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SUBROUTINE FLPRPISPWT,DENS,VISC,SNDSPD) 
C**** DETERMINES FLUID PROPERTIES AT TEMPERATURE TR, DFG.F 
C**** SPWT - SPECIFIC WEIGHT, LBS/FT3 
C**** DENS - DENSITY, LBS-SEC2/FT4 
C**** vise - VISCOSITY, LBS-SEC/FT2 
C**** SNDSPD - SOUND SPEED, FT/SEC 
C 
C**** SODIUM PROPERTIES 
C 

COMMON /R3/ TR,CO 
DATA DL0/59.566/,DL1/-0.79504E-02/,DL2/-0.2872E-06/, 
1 DL3/0.60350E-10/,CLl/8285./,CL2/-2187./,CL3/2290./,GC/32.173/ 
SPWT=DL0tDLl*TR*DL2*TR**2+DL3*TR»*3 
DENS=SPWT/GC 
AMU=EXP!2.303*I1^0203+397.17/!TR*460.)-0.4925*ALOG10ITR+460.)))/ 
1 3600.0 
VISC=AMU/GC 
SN0SPD=CL1*CL2*!TR-210.)/CL3 
RETURN 
END 
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SUBROUTINE INTRP!L,I,K,UC,PC,CC) 
C**** INTERPOLATION FOR PRESSURE, VELOCITY, AND WAVE SPEED 

COMMON /Rl/ A(100),C(100),DZ(100),D!100),P!100,100,2), 
1 UI100,100,2).LJ1!100.6),LJN!100.6),ML1!100),MLN!100), 
2 LPIPE(100),JUN!100),NNODE(100).DENS,DT 
COMMON /R4/ PMXI10,100),KPLAS!100).HOO(100),MAT(100).PY(100). 
1 CPXI10),MPX!10) 
DATA KUUT/6/,EPSI/0.0001/ 
THTA=DT/DZ!L) 
PQ=P!L,I,1) 
UQ=U!L,I,1) 
KPL=KPLAS!L) 
M=MATIL) 
HD=HOD(L) 
IFIK.EQ.2) GO TO 10 
UR=U!L,1-1,1) 
PP=P!L,1-1,1) 
IFIKPL) 20,20,100 

10 US=UIL,1+1,1) 
PS=PIL,1+1,1) 
IFIKPL) 30,30,200 

C**** ELASTIC RESPONSE 
20 CC=C(L) 

UC=IUQ-CC*T HTA*IUQ-UR))/!1.0+THTA*IUQ-UR)) 
PC=PQ-THTA*ICC+UC)*!PQ-PR) 
RETURN 

30 CC=C!L) 
UC=IUQ+CC*T HTA*(US-UQ))/!1.0+T HTA*!US-UQ)) 
PC=PQ+THTA*!CC-UC)*!PS-PQ) 
RETURN 

C * * * * PLASTIC RESPONSE 
C ITERATION AT POINT A 

100 PMXQ=PMXIKPL,1) 
PMXR=PMX!KPL,I-1) 
P P = P ( L , I , 2 ) 
U P = U ! L , I , 2 ) 
CALL WVSPDIM,HD,PQ,PMXQ,CQ) 
CALL WVSPD(M,HD,PR,PMXR,CR) 
CALL WVSPO!M.HD.PP,PMXQ,CP) 
I F I M P X I K P D . G T . O ) CP=CPXIKPL) 
CA=CR 
VPL=(CP+CR+UP+UR)/2.0 
KCA=0 

110 KCA=KCA+1 
IFIKCA.GT.20) GO TO 180 
VPL1=VPL 
UA=UQ-THTA*VPL*!UQ-UR) 
PA=PQ-THTA*VPL*!PQ-PR) 
IFIABS!!CR-CQ)/CR).LT.EPSI) GO TO 113 
IF!KCA.GT.10) GO TO 113 
CA1=CA 
PMXA=PMXQ-THTA*VPL*IPMXO-PMXR) 
CALL WVSPDIM,HD,PA,PMXA,CA) 
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I F I K C A . E Q . I O ) C A = ! C A + C A l ) / 2 . 0 
113 V P L = I C A + C P + U A + U P ) / 2 . 0 

IF (ABSIIVPL-VPLl)/VPL).LT.EPSI ) GO TO 114 
GO TO 110 

114 PC=PA 
UC=UA 
CC=ICA+CP)/2.0 
KETURN 

180 WRITEIKOUT.lSl) LPIPEIL),I,K 
181 FORMATIIHI,lOX,'NO CONVERGENCE IN INTRP ITERATI ON',/,lOX, 

X 'LPIPE =',I4,', I =',I4,', K =',I2) 
STOP 
ITERATION AT POINT 6 

2 0 0 PMXQ=PMXIKPL , I ) 
PMXS=PMXIKPL,I+1) 
P P = P I L , I , 2 ) 
U P = U ! L , I , 2 ) 
CALL WVSPDIM,HD,PQ,PMXO,CQ) 
CALL WVSPDIM,HD,PS,PMXS,CS) 
CALL WVSPD!M,HD,PP,PMXQ,CP) 
I F I M P X I K P D . G T . O ) CP=CPXIKPL) 
CB=CS 
V M I = I U S + U P - C S - C P ) / 2 . 0 
KCB=0 

210 KCB=KCB+1 
I F I K C B . G T . 2 0 ) GO TO 180 
VMI1=VMI 
U B = U Q - T H T A * V M I * I U S - U Q ) 
P B = P O - T H T A * V M I * ( P S - P Q ) 
I F I A B S I ( C S - C Q ) / C S ) . L T . E P S I ) GO TO 213 
I F ( K C B . G T . I O ) GU TO 2 1 3 
C B 1 = C B 
PMXB=PMXQ-THTA*VMI*(PMXS-PMXO) 
CALL WVSPO(M,HD,PB,PMXB,CB) 
I F ( K C B . E Q . I O ) C B = ( C e + C B l ) / 2 . 0 

213 V M I = ( U B * - U P - C 6 - C P ) / 2 . 0 
I K A B S I I V M I - V M l l ) / V M I ) . L T . E P S I ) GO TO 2 1 4 
GO TO 210 

214 PC=PB 
UC=UB 
C C = I C B + C P ) / 2 . 0 
RETURN 
END 
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SUBROUTINE FRCTRM !L,V,G) 
C**«* SUBROUTINE WHICH COMPUTES 'WEISBACH' FRICTION FACTOR F USING 
C**** 'CULEBPOOK-WHITE' CORRELATION AND RETURNS FRICTION TERM G, 
C**** G = F*V*ABSIV)/2/D 

COMMON /Rl/ A!100),C!100),DZ!100),D!100),P!100,100,2), 
1 U!100,100,2),LJ11 100,6).LJN1100.6),MLl!100),MLNI100), 
2 LP IPEI100).JUN!100),NNODE(100),DENS.DT 
COMMON /R2/ RFIIOO).VISC.KFRIC 
DATA KaUT/6/ 
N=0 
F=0. 
G=0. 
Q=ABSIV) 

C**** IF KFRIC=0. FRICTION IS NEGLECTED **************************************** 
IFIKFPIC.EQ.O) RETURN 
RR=RF!L)/D(L) 
RE=DENS*Q*0(L)/VISC 
IF IRF.LE.0.1) RETURN 
IF (RE.GT.3000.) GO TO 5 

C**** LAMINAR FLOW ************************************************************* 
F=64./RE 
GO TO 70 

5 IF!RR.GT.l.E-4) GO TO 10 
C**** INITIAL ESTIMATE FOP SMOOTH PIPE BY 'BLASIUS' EQUATION ******************* 

F=0.316/RE**.25 
GO TO 25 

(,*#** INITIAL ESTIMATE FOR ROUGH PIPE BY 'VON KARMAN' EQUATION ***************** 
10 F=l./!-2.*AL0G10!RR)+i.l4)**2 

C**** F IS DETERMINED ITERATIVELY BY 'COLEBROOK-WHITE' CORRELATION ************* 
25 SF=SQRT!F) 

GO TO 35 
30 SF=FF 
35 DD=i.l4-2.*AL0G10(RR+9.35/!RE*SF)) 

FF=1./DD 
IF I I A B S I F F - S F ) / S F ) . L E . 0 . 0 1 ) GO TO 50 
IF I N . G E . 5 0 ) GO TO 45 
N=N+1 
GO TO 30 

45 WRITE IKUUT.IOO) L P I P E I L ) , V 
100 F 0 R M A T I / / / / , 1 0 X , ' N 0 CONVERGENCE IN FRICTION TERM FOR LPIPE = ' , 

X 1 4 , ' , VELOCITY = ' , E 1 2 . 5 , ' F T / S E C ) 
50 F=FF**2 
70 G = F * V * Q / 2 . / D I L ) 

RETURN 
END 
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SUBROUTINE AREACHIJ) 
C**** SUDDEN EXPANSION OR CONTRACTION ***• 

COMMON /Rl/ AllOO),CI 100),DZ!100),01100),P!100,100,2), 
1 Ul100,100,2),LJ11 100,6),LJN(100,6),ML 11 100),HLNI100), 
2 LP IPE(100),JUNI100),NNODE(100),DENS,DT 
DATA KOUT,Kl,K2/6,1,2/ 
IF(MLIIJ).EQ.O) GO TO 2 

C**** AT LEAST ONE PIPE IS CONNECTED AT FIRST NODE 
L1 = L J H J,l) 
11 = 1 
Sl=1.0 
CALL INTRP!L1,I1,K2,UB,PB,CB) 
U1=UIL1,2,1) 
IF!ML1IJ).EQ.2) GO TO 4 

C**** AT LEAST ONE PIPE IS CONNECTED AT LAST NODE 
2 LN=LJNIJ,l) 

IN=NNODEILN) 
SN=1.0 
UN=UILN,IN-1,1) 
CALL INTRP!LN,IN,K1,UA,PA,CA) 
IF(MLNIJ).EO.l) GO TO 6 

C«*** BOTH PIPES ARF CONNECTED AT LAST NODE 
L1=LJNIJ,2) 
I1=NN0DE!L1) 
Sl=-1.0 
U1=-UIL1,11-1,1) 
CALL INTRPILl,!1,K1,UBM,PB,CB) 
UB=-UBM 
GO TO 6 

C**** BOTH PIPES ARE CONNECTED AT FIRST NODE 
4 LN=LJ1(J,2) 

IN=1 
SN=-1.0 
UN=-U(LN,2,1) 
CALL INTRP(LN,IN,K2,UAM,PA,CA) 
UA=-UAM 

C***« JUNCTION CALCULATION 
6 R=A(LN)/A(L1) 

FK=0.0 
UU=IR*UN+Ul)/2.0 
IFIR.NE.1.0) GO TO 6 

C**tt. NO AREA DISCONTINUITY 
DD=0.0 
GO TO 20 

C***« EXPANSION CASE 
8 IF (k.LT.l.O.ANO.UU.GT.O.) FK=(1.-R)**2 

IF (R.GT.l.O.ANO.UU.LT.O.) FK=-(R-1.)**2 
C**** CONTRACTION CASE 

IF IR.GT.l.O.ANO.UU.GT.O.) FK=.45*R* IP-1.) 
IF IR.LT.1.0.AND.UU.LT.O.) FK=-.45*I 1.-R) 
DD=i.-R**2-FK 

20 CALL FPCTRM(LN,UA,GA) 
CALL FRCTPM(L1,UB,GB) 
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BB=CA+CB*R 
CC=2.*!CA*UA+CB*UB+IPA-PB)/0ENS-DT*(CA*GA*C8*GB)) 
CARG=BB**2-CC*D0 
IF1CARG.LT.0.0) GO TO 55 
UP=CC/!BB+S0RT1CARG)) 
U!LN,IN,2)=SN*UP 
U(L1,I1,2)=S1*UP*R 
P!LN,IN,2)==PA-DENS*CA*IUP-UA*DT*GA) 
P(L1,I1,2)'=PB+DENS*CB*=(UP*R-UB+DT*GB) 
RETURN 

55 WRITE!K0UT,56) JUNIJ) 
56 FORMAT(1HO»5X,'AREACH SUBROUTINE - SQUARE ROOT HAS NEGATIVE'. 

X ' ARGUMENT AT 
STOP 
END 

http://IF1CARG.lt
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SUBROUTINE TEE(J,IC.PR) 
C**** TEE JUNCTION JOINING UP TO 6 BRANCHES *••* 

COMMON /Rl/ A(100).C(100),DZ{100).0(100),PI 100,100,2). 
1 Ul100,100,2),LJ1I100,6),LJNI100,6),ML1I100),MLNI100), 
2 LPIPE1100),JUNI 100),NNODEI 100),DENS,DT 
DIMENSION UAI6),UB!6),PA!6),PB!6),CA!6),CBI6),GA(6).GBI6) 
DATA K1,K2/1,2/ 
NN1=ML1(J) 
NNN=MLN(J) 
NT=NN1+NNN 
SUM1=0.0 
SUM2=0.0 
DO 10 K=1,NT 
IF (K.GT.NNl) GO TO 5 
L=LJ1(J,K) 
CALL INTRP IL,K1,K2,UB(K),PB(K),Cfi(K)) 
CALL FRCTRM (L,UB(K),GB(K)) 
SUM1 = SUM1 + A(L)*IDENS*I-UBIK)+DT*GBIK))+PBIK)/CB!K) ) 
SUM2=SUM2+AIL)/CB!K) 
GO TO 10 

5 M=K-NN1 
L=LJNIJ,M) 
CALL INTRPIL,NNUDE!L),K1,UA!M),PA!M),CAIM)) 
CALL FRCTRM IL,UA!M),GA!M) ) 
SUM1=SUM1+AIL)*IDENS*IUA!M)-DT*GA!M))+PA!M)/CA!M)) 
SUM2=SUM2+A(L)/CA(M) 

10 CONTINUE 
IF ( IC.EQ.l) GO TO 13 

C«*** IF U=0 AND P=PR IN EVERY BRANCH, SET U=0 AND PP=PR 
00 12 K=1,NT 
IF (K.GT.NNl) GO TO 11 
IF IUBIK).EC.O.O.AND.PBIK).EQ.PR) G O T O 12 
GO TO 13 

11 M=K-NM 
IF lUA(M).EQ.C.O.ANO.PAIM).EQ.PR) GO TO 12 
GO TO 13 

12 CONTINUE 
PP=PR 
GO TO 14 

13 PP=SUM1/SUM2 
14 DO 20 K=1,NT 

IF (K.GT.NNl) GO TO 15 
L=LJ1IJ,K) 
UIL,1,2)=UBIK) + |PP-PB!K))/DENS/CB!K )-DT*GBIK ) 
PIL,1,2)=PP 
GO TO 20 

15 M=K-NN1 
L=LJNIJ,M) 
NL=NNODEIL) 
UIL,NL,2)=UA(M)-(PP-PA(M))/DENS/CA!M)-DT*GA!M) 
P(L,NL,2)=PP 

20 CONTINUE 
RETURN 
END 
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SUBROUTINE PUMP I J,LLPMP.HEAD) 
C**** PUMP JUNCTION - TREATED AS TEE WITH HEAD ADDED TO PRESSURE 
C**** IN PIPE LLPMP 

COMMON /Rl/ AllOO),C!100),OZI100),D!100),P(100.100,2), 
1 U!100,100,2),LJ1! 100.6).LJN1100.6),MLl!100).MLN!100). 
2 LP IPE1100),JUN1100).NNODE1100),DENS.DT 
DIMENSION UA!6),UBI6),PA!6),PB(6).CA(6).C6!6).GA16).GB(6) 
DATA K1,K2/1,2/ 
NN1=ML1!J) 
NNN=MLN!J) 
NT=NN1+NNN 
SUM1=0.0 
SUM2=0.0 
SUP=HEAD*AILLPMP)/CILLPMP) 
DO 10 K=1.NT 
IF IK.GT.NNl) GO TO 5 
L=LJ1!J.K) 
CALL INTRP !L.K1,K2.UB!K) .PB1K).CB!K)) 
CALL FRCTRM !L,UBIK).GB!K)) 
SUM1=SUM1+A!L)*IDENS*(-UB!K)+DT*GBIK))+PB(K)/CB(K)) 
SUM2=SUM2+A!L)/CB!K) 
GO TO 10 

5 M=K-NN1 
L=LJN!J,M) 
CALL INTRP!L,NNODE!L),K1,UA!M),PA!M).CAIM)) 
CALL FRCTRM IL.UA!M).GAIM)) 
SUM1=SUM1+A!L)*!0ENS*(UAIM)-DT*GAIM))+PA!M)/CA!M)) 
SUM2=SUM2+AIL)/CA!M) 

10 CONTINUE 
PP=ISUM1-SUP)/SUM2 
DO 20 K=1.NT 
PJC=PP 
IF IK.GT.NNl) GO TO 15 
L=LJ1!J.K) 
IFIL.EQ.LLPMP) PJC=PJC+HEAD 
U!L.1.2)=UBIK)+IPJC-PB!K))/DENS/CBIK)-DT*GB!K) 
P!L.1,2)=PJC 
GO TO 20 

15 M=K-NN1 
L=LJN!J,M) 
NL=NNODE!L) 
IFIL.EQ.LLPMP) PJC=PJC+HEAD 
U!L,NL,2)=UA!M)-|PJC-PA!M))/DENS/CAIM)-DT*GA!M) 
PIL,NL,2)=PJC 

20 CONTINUE 
RETURN 
END 
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SUBKOUTINE IMPEDIJ) 
C**** DUMMY JUNCTION AND ACOUSTIC IMPEDANCE DISCONTINUITY **** 

COMMON /Rl/ Al100),CI 100),DZI 100),01100),PI 100,100,2), 
1 Ul10U,100,2),LJU100,6),LJNI100,6),MLII100),MLNI100) 
2 LPIPE!100),JUNI 100),NN0DE(100),DENS,OT 
DATA K1,K2/1,2/ 
IF(ML1(J).EQ.0) GO TO 10 

C**«* AT LEAST ONF PIPE IS CONNECTED AT FIRST NODE 
L1=LJ1IJ,l) 
11 = 1 
Sl=1.0 
CALL INTRPILl,11,K2,UB,PB,CB) 
IFIMLHJ).E0.2) GO TO 25 

C«*** AT LEAST ONE PIPE IS CONNECTED AT LAST NODE 
10 LN=LJNIJ,1) 

IN=NNGDE(LN) 
S N=1. 0 
CALL 1NTRPILN,IN,K1,UA,PA,CA) 
1F(MLN(J).EQ.1) GO TO 50 

C**** BOTH PIPES ARF CONNECTED AT LAST NODF 
L1=LJN(J,2) 
I l = NNaDEILl) 
Sl=-1.0 
CALL INTRPILl,I1,K1,UBM,PB,CB) 
UB=-URM 
GO TO 50 

C**** BOTH PIPES APE CONNtCTED AT FIRST NODI 
25 LN=LJ1(J,2) 

IN=1 
SN=-1.0 
CALL INTRP(LN,IN,K2,UAM,PA,CA) 
UA=-UAh 

C « * * * JUiMCTION CALCULATILN 
50 CALL FRCTRMIL1 ,UB,GB) 

CALL FRCTRM(LN,UA,GA) 
P ( L N , I N , 2 ) = ( D E N S * ( U A - U e + D T * I G B - G A ) ) * f A*CB+PA*C6 + PB*C A) / I CA ••Cb ) 
PILl,Ii,2)=PILN,IN,2) 
UP=ICA«(UA-DT*GA)+CB*IU8-DT*GB)+IPA-PE)/DENS)/ICA+CB) 
U(LN,IN,2)=SN«UP 
UlLi, I1,2) = S1*UP 
RETURN 
END 
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SUBROUTINE CLOSED(J) 
C**** CLOSED END JUNCTIONS **** 

COMMON /Rl/ A(IOO),C(100),DZ1100),D(100),P!100,100,2), 
1 U!100,100,2),LJ11 100,6),LJN(100,6),ML 1(100),MLN(100) 
2 LP IPE (100), JUN (100) , NNODE I 100) ,OENS,(JT 
DATA K1,K2/1,2/ 
IFIMLNIJJ.EO.l) GO TO 10 

C**** FIRST PIPE NODE CONNECTED TO JUNCTION **** 
L=LJ1IJ,l) 
CALL INTRPIL,K1,K2,UB,PB,CB) 
CALL FRCTRM!L,UB,GB) 
U!L,1,2)=0.0 
P!L,1.2)=PB+DENS*CB*|-UB+DT*GB) 
RETURN 

C**** LAST PIPE NCDE CONNECTED TO JUNCTION **** 
10 L=LJN!J,1) 

I=NNODE!L) 
CALL INTRPIL,I,K1.UA.PA,CA) 
CALL FRCTRM!L,UA.GA) 
UIL.1,2)=0.0 
PIL, I,2)=PA + DENS*CA*(UA-0T*GA) 
RETURN 
END 
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SUBROUTINE CONSTPI J,PRES) 
C*«** CONSTANT PRESSURE JUNCTIONS AND RESERVOIRS ******** 

COMMON /Rl/ AllOO),CI100),DZ(100),D(100),P(100,100,2), 
1 U I 100, 100, 2),LJ II 100,6) , U N I 100,6) , ML 1! 100) ,MLNI 100) , 
2 LP IPEI100),JUNI 100),NNODEI 100),DENS,DT 
DATA K1,K2/1,2/ 
IKMLllJ).EQ.l) GO TO 10 

C**** LAST PIPE NODE CONNECTFD TO JUNCTION *•*• 
L=LJN(J,I) 
I=NNGUEIL) 
PIL, I ,2)=PRES 
CALL INTRP(L,I,K1,UA,PA,CA) 
CALL FRCTRMIL,UA,GA) 
UIL,I,2)=UA-|PRES-PA)/DENS/CA-DT*GA 
RETURN 

C**** FIRST PIPE NODE CONNECTED TO JUNCTION **** 
10 L = LJHJ,1) 

PIL,1,2)=PRES 
CALL INTRPIL,K1,K2,UB,PB,C6) 
CALL FRCTRM(L,UBsGB) 
U ( L , 1 , 2 ) = U B + ( P R E S - P B ) / D E N S / C B - D T * G B 
RETURN 
END 
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SUBROUTINE FARENDIJ) 
C**** NONREFLECTING FAR END JUNCTION •*** 

COMMON '/Rl/ A(IOO) ,C!100),DZI100),D(100),P1100,100,2), 
1 U!100,100,2),LJlI 100,6),LJN(100,6),ML II100J,MLNI 100), 
2 LPIPEI 100).JUN!100),NNODE1100),DENS,DT 
IF!MLl!J).EQ.l) GO TO 10 

C**** LAST PIPE NUDE CONNECTED TO JUNCTION **** 
L=LJN!J,l) 
I=NNODE!L) 
P!L,I,2)=PIL,I-1,2) 
U!L,I,2)=UIL,I-1,2) 
RETURN 

C«*** FIRST PIPE NODE CONNECTED TO JUNCTION **** 
10 L=LJ1IJ,1) 

PIL.1,2)=P(L,2,2) 
U!L,1,2)=UIL,2.2) 
RETURN 
END 
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SUBROUTINE PUPOSKI J,PHUR,PRES,KRD) 
C***« RUPTURE DISK SUBROUTINE *•** 
C**** TREATED AS A CLOSED END UNTIL PRESSURE EXCEEDS PBUP •*•• 
C**** TREATED AS A kESERVblR AT PRES THEREAFTER •*** 

COMMtIN /Rl/ A( 100) ,C( 100) ,DZ( 100) ,01100),PI 100,100,2) , 
1 Ul100,100,2),LJ11 100,6),LJN1100,6) ,ML 1! 100),MLNI 100) 
2 LP IPEI100),JUN!100),NNODEI 100),0ENS,DT 
DATA K1,K2/1,2/ 
IFIMLK J).EO.l) GO TO 50 

C«*** LAST PIPE NODE CONNECTED TO JUNCTION **** 
L=LJNIJ,1) 
I=NNUDE(L) 
IFIKRD.EO.l) GU TO 10 

C**** DISK HAS NUT BEEN RUPTURED PREVIOUSLY **** 
CALL lNTRPIL,I,Kt,UA,PA,CA) 
CALL FRCTRMIL,UA,GA) 
UIL, I,2)=0.0 
PIL, I ,2)=PA + DENS*CA*!UA-DT*GA) 
IFIPIL,I,2).GT.PBUR) GO TO 8 
RETURN 

C**** DISK HAS RUPTURED **** 
8 KPD=1 

10 PIL,I,2)=PRES 
CALL INTRPIL,!,K1,UA,PA,CA) 
CALL FRCTRMIL,UA,GA) 
UIL,I,2)=UA-(PRES-PA)/DENS/CA-DT*GA 
RETURN 

C**** FIRST PIPE NODE CONNECTED TO JUNCTION **** 
50 L=LJ1(J,l) 

IFIKRD.EO.l) GO TO 60 
C**** DISK HAS NOT BEEN RUPTURED PREVIOUSLY **** 

CALL INTRPIL,K1,K2,UB,PB,CB) 
CALL FRCTKMIL,UB,GB) 
U(L,1,2)=0.0 
PIL,1,2)=PB + |JENS*CB*(-UB+DT*GB) 
IFIPIL,1,2).GT.PBUR) GO TO 58 
RETURN 

C***« DISK HAS RUPTURED **** 
56 KRD=1 
60 PlL,l,2)=PkES 

CALL INTRPIL,Kl,K2,UB,PB,Ca) 
CALL FRCTRMIL.UB.GB) 
UIL,1,2)=UB+IPRES-PB)/DENS/CB-DT*GB 
RETURN 
END 
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SUBROUTINE PRESSOIJT,PSO) 
C * * * * COMPUTATION OF PRESSURE SOURCE JUNCTION • * • • 

COMMON / R l / A I 1 0 0 ) , C ( 1 0 0 ) , O Z ( 1 0 0 ) , D ! 1 0 0 ) , P C 1 0 0 , 1 0 0 , 2 ) , 
1 U ! 1 0 0 , 1 0 0 , 2 ) , L J 1 ( 1 0 0 , 6 ) . L J N ( 1 0 0 , 6 ) , M L I ( 1 0 0 ) . M L N ! 1 0 0 ) , 
2 LPIPE(100).JUNI100),NNODE(100).DENS,DT 
DATA K1,K2/1,2/ 
NN1=ML1!JT) 
NNN=MLN!JT) 
IFINNl.EQ.O) GO TO 25 

C**** COMPUTE PIPES JOINED WITH FIRST NODE ***• 
DO 20 K=1,NN1 
L=LJ1!JT,K) 
CALL INTRPIL,K1,K2,UB,PB,CB) 
CALL FRCTRM1L,UB,GB) 
UIL,l,2)=UB+(PSQ-PB)/0ENS/CB-DT*GB 

20 P!L,1,2)=PS0 
25 IFINNN.EQ.O) GO TO 35 

C**** COMPUTE PIPES JOINED WITH LAST NODE **** 
DO 30 K=1,NNN 
L=LJNIJT.K) 
1=NNQDE!L) 
CALL I N T R P I L . I , K l . U A . P A . C A ) 
CALL FRCTRMIL.UA.GA) 
UI L.1.2)=UA-1PSO-PA)/DENS/CA-DT*GA 

30 P ( L , I , 2 ) = P S 0 
35 RETURN 

END 
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SUHRUUTINt PTIMEIT.P) 
C**** CALCULATES SOURCE PRESSURE P AT TIME T BY LINEAR INTERPOLATION 
C**** OF VALUES IN COMMON 
C 

COMMON /R5/ NUPT,TIMEI50),PTMI50) 
IFIT.LE.TIMEd) ) GU TO 30 
DO 10 K=2,NaPT 
IFIT.EQ.TIMEIK)) GO TO 15 
IFIl.LT.TIMEIK)) GO TO 20 

10 CONTINUE 
P=PTMINOPT) 
RETURN 

15 P=PTMIK) 
RETURN 

20 KM=K-1 
P=PTMIKM)+IPTM|K)-PTMIKM))*IT-TIMEIKM))/!TIMEIK)-TIME!KM)) 
RETURN 

30 P=PTM(1) 
RETURN 
END 
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